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ABSTRACT
KINETIC, SPECTROSCOPIC AND CHEMICAL MODIFICATION STUDY OF IRON RELEASE 
FROM TRANSFERRIN; IRON(III) COMPLEXATION TO ADENOSINE TRIPHOSPHATE
by
Carl P. Thompson 
U n iv e r s i ty  o f  New Hampshire, May, 1985
Amino a c id s  o th e r  than  those  t h a t  se rv e  as  l ig a n d s  have been 
found to  in f lu e n c e  th e  chem ica l p r o p e r t i e s  o f  t r a n s f e r r i n  i ro n .  The 
c a t a l y t i c  a b i l i t y  o f  pyrophosphate  to  m ed ia te  t r a n s f e r r i n  i r o n  r e l e a s e  
to  a t e r m in a l  a c c e p to r  i s  l a r g e ly  quenched by m o d i f i c a t io n  o f  non- 
l ig an d ed  h i s t i d i n e  g roups on the  p ro te in .  The f i r s t  o rd e r  r a t e  
c o n s ta n t s  o f  i r o n  r e l e a s e  f o r  s e v e ra l  p a r t i a l l y  h i s t i d i n e  m od if ied  
p r o t e i n  sam p les  were measured. A s t a t i s t i c a l  method was employed to  
e s t a b l i s h  t h a t  one non - lig an d ed  h i s t i d i n e  pe r  m e ta l  b in d in g  domain was 
r e s p o n s ib le  f o r  th e  r e d u c t io n  in  r a t e  c o n s ta n t .  These r e s u l t s  im p ly  
t h a t  the  i r o n  m e d ia t in g  c h e l a to r ,  pyrophosphate , b inds  d i r e c t l y  to  a 
h i s t i d i n e  r e s id u e  on the  p r o te in  d u r in g  the  i r o n  r e l e a s e  p ro cess .  EPR 
s p e c t r o s c o p ic  r e s u l t s  a r e  c o n s i s te n t  w ith  t h i s  i n t e r p r e t a t i o n .
K in e t ic  and amino a c id  sequence s tu d ie s  o f  o v o t r a n s f e r r i n  and 
l a c t o f e r r i n ,  i n  a d d i t io n  to  human serum t r a n s f e r r i n ,  have a l low ed  the  
t e n t a t i v e  a ss ig n m en t o f  His-207 i n  th e  N - te rm in a l  domain and His-535 in  
» th e  C - te rm in a l  domain as the  groups r e s p o n s ib le  f o r  th e  r e d u c t io n  in  
r a t e  o f  i r o n  r e l e a s e .
The above concep ts  have been ex tended  to  l y s in e  m od if ied  
t r a n s f e r r i n .  P e r c h lo r a te  induces changes in  the  EPR s p e c t r a  and 
k i n e t i c s  o f  i r o n  r e l e a s e  i n  human serum t r a n s f e r r i n ;  s i m i l a r  e f f e c t s
x i
a re  a l s o  Induced by ly s in e  m o d i f ic a t io n  and found to  occur p r im a r i ly  in  
the  C - te rm in a l  domain. F u rthe rm ore ,  the l a b i l i z i n g  e f f e c t  o f  0.5 M 
sodium p e r c h lo r a te  on i r o n  i n  th e  C - te rm in a l  s i t e  i s  l a r g e ly  quenched 
by ly s in e  m o d i f ic a t io n .  The above e x p e r im en ts  s u g g e s t  th a t  the  w e l l  
s tu d ie d  " p e rc h lo r a te  e f f e c t s "  i n  t r a n s f e r r i n  a re  caused by anion  
b in d in g  a t  a s m a l l  number (< 15) o f  l y s in e s ,  p robab ly  lo c a te d  c lo s e  to  
th e  m e ta l .
Com plexation o f  i r o n ( I I I )  to  adenosine  t r ip h o s p h a te  (ATP) was a l s o  
s tu d ie d  to  g a in  i n s i g h t  i n t o  the  n a tu re  o f  iron-ATP s p e c ie s  p r e s e n t  a t  
p h y s io lo g ic a l  pH. At pH 7.0, mononuclear (m e ta l r l ig a n d  <1:3) and 
p o ly n u c le a r  (m e ta l r l ig a n d  = 2:1 and 4:1) r e a d i l y  form in  s o lu t io n .  The 
m ononuclear complexes e x h i b i t  a g ' = 4.3 EPR s ig n a l .  31 p jjmr s p e c t r a  
a re  observed  when ATP i s  p r e s e n t  i n  l a rg e  excess .  The p o ly n u c le a r  (4:1 
m e ta l r l ig a n d )  complex, a l th o u g h  p o ly d isp e r s e  i n  s i z e ,  has a m o lecu la r  
w eigh t g r e a t e r  than  50,000, i n d i c a t i n g  c l u s t e r  fo rm a t io n  (< 250 i r o n  
atom s pe r  c l u s t e r ) .  These complexes a re  EPR s i l e n t  and g ive  no 31 p nMR 
s p e c t r a  c o n s i s t e n t  w ith  f in d in g s  f o r  o th e r  r e p o r te d  p o ly n u c lea r  
i r o n ( I I I )  complexes.
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INTRODUCTION
The im p o rtan ce  o f  i r o n  as an e s s e n t i a l  t r a c e  m eta l has long  been 
reco g n ized  (1). The w e l l  s tu d ie d  i r o n  c o n ta in in g  r e s p i r a t o r y  p r o te in s ,  
hem oglobin and myoglobin, accoun t f o r  about th r e e - f o u r t h s  o f  the body 
i r o n  s to r e s  (1 ,2). Heme p r o t e i n s  a re  b io sy n th e s iz e d  in  th e  hem opo ie tic  
t i s s u e s :  l i v e r ,  sp le e n ,  and bone marrow. To meet the re q u ire m e n ts  o f
hem opo ies is ,  i r o n  i s  c o n s t a n t ly  being  m ob il iz ed  from two so u rces ,  d i e t  
and i r o n  s to ra g e .  A g r e a t  d e a l  i s  known about the m etabolism  o f  i r o n ,  
bu t the  d e t a i l s  o f  i r o n  t r a n s f e r  w i th in  th e  c e l l  rem ain  th e  focus  o f  
much c u r r e n t  re s e a rc h .
Under p h y s io lo g ic a l  c o n d i t io n s  o f  pH and oxygen te n s io n ,  f r e e  
i r o n  i n  th e  absence o f  c h e l a t o r s  i s  known to  hydro lyze  and form 
in s o lu b l e  polym ers t h a t  p r e c i p i t a t e  from s o lu t io n .  Because o f  th e se  
in h e re n t  chem ica l problems*, n a tu re  has evolved an i n t r i c a t e  system  o f  
p r o te in s  and an ions  t h a t  e n su re s  s o l u b i l i z a t i o n  and f a c i l e  m o b i l iz a t io n  
o f  body i ro n .  The m ajor form o f  d i e t a r y  i r o n ,  which i s  absorbed from 
the  i n t e s t i n e ,  i s  i r o n ( I I ) .  Once i n  th e  b loods tream , fo l lo w in g  
o x id a t io n ,  th e  i r o n ( I I I )  form i s  bound t i g h t l y  by serum t r a n s f e r r i n ,  
which s e q u e s te r s  and s t a b i l i z e s  th e  i ro n .  T r a n s f e r r in  t r a n s p o r t s  the  
m e ta l  to  the  i r o n  s to ra g e  p r o te in ,  f e r r i t i n .  N early  tw e n ty - f iv e  
p e rc e n t  o f  a l l  body i r o n  i s  a s s o c ia t e d  w ith  f e r r i t i n .
T r a n s f e r r in s
The t r a n s f e r r i n s  a re  an im p o r ta n t  c l a s s  o f  m e ta l  b ind ing  
p r o te in s  found w ide ly  i n  n a tu re  (3,7). In  egg w h i te s ,  as 
o v o t r a n s f e r r i n ,  and in  m ilk ,  as  l a c t o f e r r i n ,  the  p r o te i n  a c t s  as
1
2a b a c t e r i o s t a t i c  agen t ,  deny ing  b a c t e r i a  n u t r i t i o n a l  i r o n  so u rces .
The t r a n s f e r r i n s  a re  B -g lo b u l in s  c o n s i s t i n g  o f  a s in g l e  p o ly p e p t id e  
c h a in  o f  a p p ro x im a te ly  80,000 m o lecu la r  w eigh t. As w ith  o th e r  
t r a n s f e r r i n s ,  human serum t r a n s f e r r i n  i s  a tw o - s i t e d  p r o te i n ,  b ind ing  
two m e ta ls  in  s e p a ra te  domains o f  the  p r o te in ,  g e n e r a l ly  r e f e r r e d  to  as 
C- and N - te rm in a l  s i t e s .
The m e ta l  b in d in g  s i t e s  appea r  to  be n e a r ly  s t r u c t u r a l l y  
e q u iv a le n t .  Chemical m o d i f i c a t io n  s tu d ie s  p rov ide  some i n s i g h t  i n t o  
th e  i d e n t i t y  o f  th e  l ig a n d s  o f  th e  i r o n  b in d in g  s i t e s .  N i t r a t i o n  
s u g g e s ts  t h r e e  t y r o s in e s  pe r  m e ta l s i t e  (8 ). O ther methods i n d i c a t e  
two (9). E th o x y fo rm y la t io n  and p h o to o x id a t io n  e x p e r im en ts  im p l i c a t e  
two h i s t i d i n e s  per  i r o n  (10,11). P h e n y lg ly o x a l la t io n  (12) s u g g e s ts  one 
a rg in in e .  L ysines  have been r u le d  ou t as  p o s s ib le  l ig a n d s  s in c e  i r o n  
b in d in g  i s  no t a f f e c t e d  by a c e t y l a t i o n  (13).
The amino a c id  sequences  f o r  human serum t r a n s f e r r i n  (14) and 
o v o t r a n s f e r r i n  (15) r e v e a l  l a r g e  d eg ree s  o f  homology between t h e i r  
r e s p e c t iv e  C- and N - te rm in a l  domains. I t  i s  c u r r e n t ly  b e l ie v e d  t h a t  
t r a n s f e r r i n  evolved  from an a n c e s t r a l  s i n g l e - s i t e d  p r o t e i n  o f  about
40,000 m o le c u la r  w eigh t (16). A n c e s t ra l  gene d u p l i c a t io n  i s  one 
th e o ry  t h a t  e x p la in s  the  d o u b lin g  in  m o lecu la r  s i z e  and thus  the 
observed  homology between th e  two domains o f  th e  p r o te i n .
T r a n s f e r r i n  p o s se s se s  a rem a rk ab le  a f f i n i t y  f o r  i r o n  under 
p h y s io lo g ic a l  c o n d i t io n s ,  having  an e f f e c t i v e  b ind ing  c o n s ta n t  o f  
10^ ** M~^  (17). Yet due to  n u t r i t i o n a l  demands, t r a n s f e r r i n  e f f e c t i v e l y  
and e f f i c i e n t l y  tu rn s  over  i t s  i r o n  about te n  t im e s  in  a 24 hour p e r iod  
(18,19). The so u rce  o f  th e  thermodynamic s t a b i l i t y  but k i n e t i c  
l a b i l i t y  o f  th e  i r o n - t r a n s f e r r i n  complex rem a ins  a p e rp le x in g  q u e s t io n .
3T r a n s f e r r in - a n io n  I n t e r a c t i o n s
The b io lo g ic a l  s i g n i f i c a n c e  o f  an ion  p a r t i c i p a t i o n  in  i r o n  
m etabo lism  has  r e c e iv e d  in c re a s e d  a t t e n t i o n  from i n v e s t i g a t o r s  in  
r e c e n t  y ea rs .  In  1976. B a r t l e t t  found s i g n i f i c a n t  amounts o f  i r o n  
a s s o c ia t e d  w ith  adenosine  t r ip h o s p h a te  (ATP) in  the  c y to so l  o f  human 
red  blood c e l l s  (20). He a l s o  showed t h a t  1:1 iron-ATP complexes were 
s t a b l e  under p h y s io lo g ic a l  c o n d i t io n s .  In  1981, C r ic h to n  re p o r te d  an 
i n  v i t r o  s tudy  d e m o n s t ra t in g  the  d i r e c t  i r o n  t r a n s f e r  from t r a n s f e r r i n  
to  f e r r i t i n ,  m ediated by ATP (21). Due to  the  h igh  s t a b i l i t y  o f  
t r a n s f e r r i n - i r o n ,  th e  u s u a l  f low  o f  i r o n  i s  from f e r r i t i n  to  
t r a n s f e r r i n ,  i n  the  absence o f  ATP (22).
In  l i g h t  o f  B a r t l e t t ' s  f in d in g s ,  C r ich to n  proposed t h a t  iron-ATP 
complexes p lay  an im p o r ta n t  r o l e  i n  i n t r a c e l l u l a r  i r o n  m etabolism . In  
blood s e r a  and the  c y to s o l  o f  c e l l s ,  s e v e r a l  an ions  in c lu d in g  c i t r a t e  
and c h lo r id e  a re  p r e s e n t  in  s i g n i f i c a n t  c o n c e n t ra t io n s  (20). L i t t l e  i s  
known about th e  r o l e  o f  such an io n s ,  I n  vivo* but ev idence  i s  growing 
t h a t  the  io n i c  com position  o f  blood s e r a  and the  c y to so l  o f  c e l l s  p lay s  
a r o l e  i n  f a c i l i t a t i n g  th e  t r a n s f e r  o f  i r o n  from t r a n s f e r r i n  to  
f e r r i t i n  and i r o n - r e q u i r i n g  t i s s u e s .
In  1980, W illiam s and Moreton re p o r te d  t h a t  the  d i s t r i b u t i o n  o f  
i r o n  between the  two s i t e s  o f  t r a n s f e r r i n  i n  e q u i l i b r a t e d  serum i s  
changed by d i a l y s i s ,  whereupon i r o n ,  p redom inan tly  i n  th e  N - te rm in a l  
s i t e ,  i s  r e d i s t r i b u t e d  to  the  C - te rm in a l  s i t e  (23). Baldwin and de 
Sousa (24) and W ill iam s  jet (25) have su g g es ted  th a t  t h i s  change i s  
caused by removal o f  the  io n i c  components, p r i n c i p a l l y  NaCl, from 
serum. C o n s is te n t  w ith  t h i s  h y p o th e s is  i s  th e  o b s e rv a t io n  t h a t  i n  
v i t r o  the  p resence  o f  s a l t  fa v o rs  i r o n  b in d in g  in  the  N - te rm in a l  s i t e ,
4whereas th e  o p p o s i te  i s  t r u e  o f  the  C - te rm in a l  s i t e  (25). The s a l t  
e f f e c t  does no t appea r to  be s im ply  due to  a change in  i o n i c  s t r e n g t h ,  
a l th o u g h  t h a t  i s  p robab ly  a c o n t r ib u t in g  f a c t o r ,  s in c e  d i f f e r e n t  s a l t s  
a t  the same i o n i c  s t r e n g t h  in f lu e n c e  th e  d i s t r i b u t i o n  o f  i r o n  on the  
p r o te i n  to  d i f f e r e n t  deg rees .  The i n t e r a c t i o n s  o f  an ions  and c a t io n s  
w ith  the  p r o t e i n  p robab ly  induce  c o n fo rm a tio n a l  changes which i n  tu rn  
a l t e r  the thermodynamic s t a b i l i t y  o f  i r o n  b in d in g  to  the  two s i t e s .  
Baldwin and co -w orkers  have d is c u s s e d  t h i s  s u b j e c t  i n  d e t a i l  (24,26).
C h e la t in g  ag en ts  such as pyrophosphate , ATP, and c i t r a t e  have 
been found to  m ed ia te  i n  v i t r o  th e  r e l e a s e  o f  i r o n  from t r a n s f e r r i n  to  a 
t e rm in a l  a c c e p to r  m olecu le  such as d e s f e r r io x im in e  B which has a h ig h e r  
a f f i n i t y  f o r  F e ( I I I )  than  the  p r o te in  (27,28). R ecen tly  B ates and 
co -w orkers  have p rovided  e x p e r im e n ta l  ev idence  f o r  the  fo rm a t io n  o f  a 
q u a te rn a ry  in t e r m e d i a t e  complex o f  th e  type Chel-Fe-Tf-HCOg i n  th e  
exchange o f  i r o n  betw een a p o t r a n s f e r r i n ,  Tf, and a c h e l a t i n g  ag en t ,
Chel (29). In  such a complex the  c h e l a t i n g  ag en t i s  presum ably  bound 
to  the  i r o n ,  bu t may a l s o  i n t e r a c t  d i r e c t l y  w ith  the  p r o t e i n  th rough 
c a t i o n i c  s id e  c h a in s  o f  amino a c id  r e s id u e s ,  lo c a te d  n e a r  to  th e  m e ta l .
The r a t e  o f  i r o n  rem oval from t r a n s f e r r i n  by c h e l a to r s  i s  changed 
by the  p resen ce  o f  s a l t  (24,25). S a l t  c o n c e n t r a t io n s  i n  th e  range  o f  
0.1 -  1.0 M a c c e l e r a t e  th e  r a t e  o f  i r o n  removal from the  C - te rm in a l  
s i t e ,  but r e t a r d  th e  r a t e  from the  N - te rm in a l  s i t e .  Thus s a l t  
s t a b i l i z e s  the  N - te rm in a l  s i t e  r e l a t i v e  to  the  C - te rm in a l  s i t e ,  both  
k i n e t i c a l l y  and the rm odynam ica lly .  Sodium p e r c h l o r a t e  i 3  th e  most 
e f f e c t i v e  sodium s a l t  i n  a l t e r i n g  the p r o p e r t i e s  o f  the  p ro te in .  The 
e f f e c t  i s  b e l ie v e d  to  be l a r g e l y  due to  th e  p e r c h l o r a te  r a t h e r  th an  the  
sodium.
5The presence  o f  s a l t  a l s o  Induces  changes i n  the  EPR spectrum  o f  
t r a n s f e r r i n .  The r e l a t i o n s h i p  between th e se  changes and th o se  i n  the  
k i n e t i c  and thermodynamic p r o p e r t i e s  o f  th e  p r o te i n  i s ,  however, 
u n c le a r .  P r ic e  and Gibson f i r s t  observed  th a t  p e r c h lo r a te  causes  a 
r e d u c t io n  i n  th e  am p li tu d e  o f  the  g' = 4.3 Fe^+ s ig n a l  and th e  
appearance  o f  a sh o u ld e r  on th e  low f i e l d  s id e  o f  t h i s  s ig n a l  (30). 
These o b s e rv a t io n s  were a t t r i b u t e d  to  a c o n fo rm a tio n a l  change o c c u r r in g  
in  one domain o f  the  d i f e r r i c  p ro te in .  Baldwin and co -w orkers  have 
examined th e  e f f e c t  o f  p e r c h l o r a te  on the  EPR s p e c t r a  o f  th e  m o n o fe rr ic  
t r a n s f e r r i n s  and have concluded  th a t  on ly  the  C - te rm in a l  domain 
undergoes a c o n fo rm a t io n a l  change (26). T h e ir  spectrum  o f  the  C- 
t e rm in a l  m o n o fe rr ic  t r a n s f e r r i n  i n  the  p resen ce  o f  sodium p e r c h lo r a te  
i s  i n  accord w ith  t h a t  p re v io u s ly  observed  i n  t h i s  l a b o ra to r y  (31).
R ecen tly  our l a b o r a to r y  r e p o r te d  t h a t  the  sodium s a l t s  o f  v a r io u s  
an ions  a l t e r  the  EPR spec trum  o f  d i f e r r i c  t r a n s f e r r i n  (32). D i f e r r i c  
t r a n s f e r r i n  s o lu t i o n s  were t i t r a t e d  w i th  v a r io u s  an ions  and the  EPR 
d i f f e r e n c e  q u a n t i t a t e d .  The b ind ing  c o n s ta n t s  and s t o i c h i o m e t r i e s  were 
d e r iv e d  from H i l l  p lo t s .  The b in d in g  c o n s ta n ts  were observed  to  fo llo w  
th e  ly o t r o p ic  s e r i e s ,  i .e .  SCN~ > CIO^-  > P2 0 -711- > Cl" > AMP2", ’HPOjj2" ,  
S0j|2" ,  F". The d a ta  a re  c o n s i s t e n t  w ith  an an ion  b in d in g  phenomenon, 
p o s s ib ly  to  p o s i t i v e l y  charged  p r o t e i n  groups, near  to  the  m eta l.
An amino a c id  s t r i n g  model o f  the p ro b ab le  m eta l lo c u s  o f  the 
t r a n s f e r r i n  N - te rm in a l  domain has been r e c e n t ly  proposed (33). The 
model (see  Appendix) shows a number o f  c a t i o n i c  groups, i . e .  s e v e ra l  
l y s in e s ,  two a r g in in e s ,  and one h i s t i d i n e  lo c a te d  n ea r  th e  p robab le  
m e ta l  l ig a n d s ,  Tyr 185, Tyr 188, His 119, and His 249. P ro te in  fo ld in g  
upon i r o n  b in d in g  may b r in g  s e v e r a l  o f  th e se  groups i n  c lo se  p ro x im ity
6to  the  m e ta l.  The r i c h l y  c a t i o n i c  c h a r a c t e r  o f  th e  m e ta l  r e g io n ,  due 
to  th e  p resen ce  o f  th e s e  groups, may p a r t l y  be r e s p o n s ib le  f o r  th e  
observed  p r o te in - a n io n  i n t e r a c t i o n s  d isc u sse d  above.
This d i s s e r t a t i o n  r e s e a r c h  was u ndertaken  to  f u r t h e r  d e l i n e a t e  the  
r o l e s  t h a t  an ions  p lay  i n  th e  m etabolism  o f  i ro n .  In  C hap ter  1. the  
s tu d i e s  o f  th e  r o l e  o f  pyrophosphate  i n  t r a n s f e r r i n  i r o n  exchange 
r e a c t i o n s  a re  p re sen te d .  The invo lvem ent o f  a key h i s t i d i n e  i n  the  
r e a c t i o n  i s  i d e n t i f i e d  by chem ica l m o d i f ic a t io n .  C hapter 2 i s  
d e d ic a te d  to  the  i d e n t i f i c a t i o n  o f  amino ac id  r e s id u e s  in v o lv ed  i n  the  
s p e c t r a l  and k i n e t i c  e f f e c t s  o f  s a l t  on th e  p r o te i n ,  a l s o  u s in g  
chem ica l m o d i f ic a t io n .  F in a l ly ,  an i n v e s t i g a t i o n  o f  iron-ATP 
com plexa tion  o f  p o t e n t i a l  b io l o g ic a l  s ig n i f i c a n c e  i s  d is c u s s e d  in  
C hap te r  3.
CHAPTER I
EFFECT OF MODIFICATION OF NON-LIGANDED HISTIDINES ON THE 
PYROPHOSPHATE CATALYZED IRON RELEASE REACTION OF DIFERRIC TRANSFERRIN
INTRODUCTION
I t  i s  w e l l  known t h a t  th e  thermodynamic s t a b i l i t y  o f  th e  i r o n  
t r a n s f e r r i n  complex i s  s i g n i f i c a n t l y  reduced below pH 7.5 (17.25.31) 
and t h a t  the  r a t e  o f  i r o n  rem oval by m e d ia t in g  c h e l a to r s  i s  g r e a t l y  
enhanced (27-29.34). These changes occur i n  the  pH range where 
h i s t i d i n e s  no rm ally  t i t r a t e .  A ccordingly , a chem ica l m o d i f ic a t io n  
s tu d y  o f  the  in f lu e n c e  o f  non - l ig an d ed  h i s t i d i n e s  on the  k i n e t i c s  o f  
i r o n  rem oval from t r a n s f e r r i n  was undertaken . P rev ious  h i s t i d i n e  
m o d i f ic a t io n  s tu d ie s  by Feeney and co-w orkers  (10) and o th e r s  (11,35) 
have im p l i c a te d  fo u r  h i s t i d i n e s  as  l ig a n d s ,  two per  i r o n ,  i n  human 
serum t r a n s f e r r i n .
The most common re a g e n t  f o r  m odify ing  h i s t i d i n e  r e s id u e s  i s  
e thoxy fo rm ic  anhydride  (EFA) (36). I t  hyd ro lyzes  s lo w ly  i n  w a te r  
to  g iv e  two e q u iv a le n t s  each o f  e th a n o l  and carbon d io x id e  (or 
b ic a rb o n a te ) .  EFA r e a c t s  p r i n c i p a l l y  w i th  p r o te in  im id a z o le  groups 
(eq. 1 . 1 ) and i s  e a s i l y  q u a n t i f i a b l e  s p e c t ro p h o to m e t r ic a l ly .
In  the  p r e s e n t  s tu d y  the  e th o x y fo rm y la t io n  r e a c t i o n  was used to  
modify the  h i s t i d i n e s  o f  d i f e r r i c  t r a n s f e r r i n  to  d i f f e r e n t  e x t e n t s  
fo l lo w ed  by d e t a i l e d  s tudy  o f  the  k i n e t i c s  o f  i r o n  rem oval from th e se  
m odified  p r o te in s .  The pseudo f i r s t - o r d e r  r a t e  c o n s ta n t  f o r  i r o n  
r e l e a s e  from e i t h e r  s i t e ,  u s in g  pyrophosphate  as  a m e d ia to r  and 
d e s f e r r io x im in e  B as an i r o n  s in k ,  i s  a p p re c ia b ly  reduced by
( 1. 1 )
+ •  c h 3 c h 2 o h  -t- co2
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9m o d i f ic a t io n .  In  ad d i t io n *  m o d i f ic a t io n  im p a r t s  c o n s id e ra b le  k i n e t i c  
s t a b i l i t y  to  the  p r o t e i n  a t  pH 5. The d a ta  s u g g e s ts  t h a t  the  
m o d i f ic a t io n  o f  key h i s t i d in e s *  one in  each o f  the  two i r o n  b in d in g  
domains* i s  r e s p o n s ib le  f o r  th e s e  e f f e c t s .  These r e s u l t s  p o in t  tow ard 
an im p o r ta n t  r o l e  f o r  n o n - l ig an d ed  h i s t i d i n e  r e s id u e s  i n  i r o n  exchange 
r e a c t i o n s  o f  t r a n s f e r r i n .
MATERIALS AND METHODS
T r a n s f e r r in
Human serum t r a n s f e r r i n  o f  s t a t e d  98% p u r i t y  was o b ta in e d  from 
Cal-Biochem. Co. and used w i th o u t  f u r t h e r  p u r i f i c a t i o n .  The p r o te i n  
was brought to  80—90% s a t u r a t i o n  by the  a d d i t io n  o f  a q u a n t i t a t i v e  
volume o f  0.01 M f e r r o u s  ammonium s u l f a t e  i n  0.01 M HC1 to  0.2 mM 
a p o p ro te in  i n  0.1 M Hepes, 0.01 M NaHCOg* pH 7.5. The c o n c e n t r a t io n  
o f  a p o t r a n s f e r r i n  was d e te rm in e d  s p e c t r o p h o to m e t r i c a l ly  u s in g  the  m olar 
a b s o r p t i v i t y  o f  £280nm _ 8  8 9  x 1Q4 M- 1 cm-1 (3 7 ). The p e rc e n t  
s a t u r a t i o n  was d e te rm in ed  u s in g  E^Snm _ 2 5 0 0  M_ ^cm“  ^ per  bound i r o n  
(4 ) .
C - te rm in a l  m o n o fe r r ic  t r a n s f e r r i n  was p repared  as  f o l lo w s :  0.17
mM a p o t r a n s f e r r i n  i n  0.1 M Hepes* Na/0.02 M NaHCO  ^ a t  pH 7.5 was 
t i t r a t e d  p a s t  i t s  en d p o in t  w ith  a 0.010 M i r o n ( I I I ) : n i t r i l o t r i a c e t a t e  
(1 :2), pH 4 s o lu t io n .  Absorbance was scanned between 450 and 470 nm 
u s in g  a  Cary 219A re c o rd in g  double beam sp e c tro p h o to m e te r .  A f te r  
d e te r m in a t io n  o f  the  t i t r a t i o n  en d p o in t ,  s u f f i c i e n t  Fe(NTA)2  was added 
to  45Z s a t u r a t e  the  p ro te in .  Excess n i t r i l o t r i a c e t a t e  was removed by 
t r e a tm e n t  w ith  0.1 M NaClO^ (chelexed) and subsequent d i a l y s i s  a g a in s t  
0.01 M NHjjHC0 3 . The r e s u l t i n g  p r o te in  was ly o p h i l i z e d  and s to r e d  a t  
4°C. P u r i ty  o f  the  m o n o fe r r ic  p r e p a r a t io n  was de te rm in ed  by runn ing  
u re a  p o ly a c ry lam id e  g e l  e l e c t r o p h o r e s i s  (urea-PAGE).
E thoxv fo rm v la tion
Reagent g rade l i q u i d  e th o x y fo rm ic  anhydride  (EFA) was o b ta in ed  
from A ld r ich  Chemical Co. and used w ith o u t  p u r i f i c a t i o n  o r  d i l u t i o n .
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The d i f e r r i c  p r o t e i n  a t  a c o n c e n t r a t io n  o f  4.2 -  10 uM in  0.1 M 
Hepes'Na, 0.01 M NaHCO^, pH 7.3 -  7.4 was m o d if ied  by adding m i c r o l i t e r  
q u a n t i t i e s  o f  EFA to  ach ie v e  f i n a l  c o n c e n t r a t io n s  ran g in g  from 0.22 mM 
to  1.36 mM. The e x t e n t  o f  the  m o d i f ic a t io n  was m on ito red  u s in g  Cary 
219A or Bausch Lomb 505 sp e c tro p h o to m e te rs  and the  unm odified  p r o te in  
s o lu t i o n  as a r e fe re n c e .  The number o f  h i s t i d i n e s  m odif ied  was 
c a l c u la te d  from the  m olar  a b s o r p t i v i t y  f o r  the  d i f f e r e n c e  spectrum ,
A.,ej. nm = 3200 M“ ^cm-  ^ pe r  h i s t i d i n e  m onoethoxyform ylated  (3 8 ).
S e p a ra t io n  o f  the  low m o le c u la r  w eigh t r e a c t i o n  p ro d u c ts  from the  
p r o te in  was ach ieved  w ith  a 3 ml o r  50 ml Amicon u l t r a f i l t r a t i o n  c e l l  
f i t t e d  w ith  a PM 10 membrane. The volume was r e p la c e d  th r e e  t im es  (90% 
V/V pe r  change) w ith  f r e s h  0.1 M Hepes, 0.02 M NaHCOg b u f fe r .
The b ip h a s ic  s e m i - lo g a r i t h m ic  p lo t  o f  the  e x t e n t  o f  m o d i f ic a t io n  
v e rsu s  t im e  was l e a s t  sq u a re s  curve f i t t e d  to  e q u a t io n  1 .2  f o r  two 
p o o ls ,  A and B, o f  r e a c t i v e  h i s t i d i n e s ,  i . e .
a242 = Aoo (1 -  XAe x p ( -k At )  -  XBe x p (-k Bt)}  (1 .2 )
where kA and kB a re  the  f i r s t - o r d e r  r a t e  c o n s ta n ts  and XA and ICg 
(= 1 -  XA) a re  the  co r re sp o n d in g  mole f r a c t i o n s  o f  the  f a s t  and s lo w ly  
r e a c t in g  poo ls ,  r e s p e c t iv e l y .  This e q u a t io n  assumes equa l m olar 
a b s o r p t i v i t i e s  f o r  h i s t i d i n e s  i n  e i t h e r  pool.
I ron  Removal R eac tions
The k i n e t i c s  o f  i r o n  rem oval from unm odified , p a r t i a l l y  m odified , 
and f u l l y  m odified  sam ples  o f  15 -  20 uM d i f e r r i c  t r a n s f e r r i n  i n  0.1 M 
Hepes, 0.02 M NaHCO^, pH 6.9 was c a r r i e d  out in  a q u a r tz  c u v e t te  a t
37.0 + 0.1°C in  th e  th e rm o s ta t t e d  sam ple compartment o f  a Cary 219A 
sp ec tro p h o to m e te r  u s in g  b u f f e r  as  th e  r e f e r e n c e  s o lu t i o n .  A 0.100 M
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s o l u t i o n  o f  pyrophosphate  (Sigma) and a 0.030 M s o lu t i o n  o f  
d e s f e r r io x im in e  B (Ciba), both i n  b u f f e r ,  were added to  sample and 
r e f e r e n c e  c e l l s  to  g iv e  f i n a l  c o n c e n t ra t io n s  o f  3.0 mM and 0.90 mM, 
r e s p e c t iv e l y ,  u n le s s  o th e rw is e  s t a t e d .  The r e a c t i o n  was m onito red  by 
fo l lo w in g  the  d e c re a se  i n  absorbance a t  295 nm w ith  tim e.
Absorbance vs. t im e  cu rves  were f i t t e d  by a l e a s t  sq u ares  s im p lex  
o p t im iz a t io n  p rocedure  to  e q u a t io n  1 .3 .
A295 = ( Ao ” Ao> ) {£iexp(-j£{jt) + ) + A°° (1 .3 )
where jcjj and k£ a re  the  p s e u d o - f i r s t  o rd e r  m acroscopic r a t e
c o n s ta n ts  f o r  i r o n  rem oval from the  N- and C - te rm in a l  b ind ing  s i t e s  a t ,
r e s p e c t iv e ly .  Molar a b s o r p t i v i t y  (e) v a lu es  a t  295 nm o f  12600 cm~^M“ ^
and 14040 cm“ ^M“  ^ were d e te rm in e d  f o r  the  C and N s i t e s ,  r e s p e c t iv e l y .
£ |  and i g  i n  eq’ 1*3 a re  w e ig h t in g  c o e f f i c i e n t s  c a l c u la te d  as f o l lo w s :
y _ v ---------- N  r where i»j = mole f r a c t i o n  o f  N te rm in a l  s i t e
*1 U N + ec ) /2  ^
bound (o b ta in e d  by e l e c t r o p h o r e s i s )  and = 1 -  £ |  •
The i r o n  rem oval r e a c t i o n  o f  an unm odified  sample o f  71% i r o n  
s a tu r a t e d  t r a n s f e r r i n  was a l s o  m on ito red  by urea-PAGE i n  com bina tion  
w ith  sp ec tro p h o to m e try .  At v a r io u s  t im e s  d u r in g  the  r e a c t io n ,  15 uL 
a l iq u o t s  were w ithdraw n from th e  sample c u v e t te ,  mixed w ith  an equal 
volume o f  10% g ly c e r o l  i n  e l e c t r o p h o r e s i s  tank  b u f fe r  a t  pH 8.4, and 
im m ed ia te ly  f ro zen  in  a d ry  i c e /a c e to n e  bath. The h igh  pH o f  the  
b u f f e r  e f f e c t i v e l y  quenches th e  r e a c t io n .  The b u f fe r  and PAGE 
procedure  employed were as  p re v io u s ly  d e s c r ib e d  (25). A pproxim ately  10 
ug o f  p r o te in  was a p p l ie d  to  1 cm s l o t s  and the e l e c t r o p h o r e s i s  was 
c a r r i e d  out a t  a c o n s ta n t  120 V f o r  24 h r  a t  4°C in  a chrom atography 
r e f r i g e r a t o r .  Coomassie B r i l l i a n t  Blue R 250 s ta in e d  g e l s  were scanned
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on a H oefer GS 300 scan n in g  d e n s i to m e te r  i n t e r f a c e d  to  a MINC 11/23 
l a b o ra to r y  com puter f o r  c a l c u l a t i n g  the  r e l a t i v e  amounts o f  th e  fo u r  
s p e c ie s  o f  t r a n s f e r r i n  (i . e .  a p o t r a n s f e r r i n ,  the  C- and N - te rm in a l  
m o n o fe r r ic  t r a n s f e r r i n s ,  and d i f e r r i c  t r a n s f e r r i n )  p r e s e n t  d u r in g  the  
cou rse  o f  the  r e a c t i o n .
Under pseudo f i r s t - o r d e r  c o n d i t io n s  th e  i r o n  rem oval r e a c t io n  can 
be d e s c r ib e d  by the  fo l lo w in g  scheme:
Fe+3 5 ' ^ " ^ " ” - Fe+3
Fe+3
A
F p  T f  F e v  Tfh e N C %  
Fe+3 -  ' Fe  - T f  
N
The coupled  d i f f e r e n t i a l  eq u a t io n s  which d e s c r ib e  the  k i n e t i c s  a re  
g iv e n  by e q u a t io n s  1 .M th rough  1 .7 .
T = - <JS.C-k,,NHD1 ‘’-*1
= k  ED] -  k [N] (1 .5 )
d , Nd t  1 ,C
= K  „[D] -  c CC3 (1 .6 )d t  1, N
A f te r  rea r ran g e m en t  and i n t e g r a t i o n  e x p re s s io n s  1.8 through 1.11 
a re  o b ta in e d  f o r  the  tim e dependence o f  the  c o n c e n t ra t io n s  o f  th e  fo u r  
p r o te i n  s p e c ie s ,  [D], [N], [C], and [A]. EPl0  i s  the  t o t a l  p ro te in  
c o n c e n t ra t io n .
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[D] = [D]0 exp{-(k., t2  + k 1>N) tJ ( 1 . 8 )
[ » ]  = w p l - J t j  „ t > .  -  % , c  -  ^1 . N ) t }  „  [HJ
d,Ii  —2 , N  " * 1 , C  " —1 , N 0
  f a . c t P i o
~ 2 , N  " ^1 , C " *1  ,N
(1 .9 )
[ C l  = c t ) .  + [ c ]
| _  —2»C -  ^ 1 , C  “ k 1 >N '
__—1 j N[ D ^  o
—2 . C  " ^ 1 , C  -  ^1 ,N
( 1 . 1 0 )
[ A ]  = [ P ] Q -  [ D]  -  [ N]  -  [ C] ( 1 . 1 1 )
The c o n c e n t r a t io n s  o f  the  fo u r  s p e c ie s  o f  t r a n s f e r r i n  o b ta in ed  by 
scann ing  the g e l  was f i t t e d  to  the  eq u a t io n s  1 .8  through 1 .1 1  by a non­
l i n e a r  l e a s t  sq u are  a n a l y s i s  to  y i e ld  v a lu es  f o r  the  fo u r  m ic ro sco p ic  
r a t e  c o n s t a n t s .  i^ i ,C ’ —2 , A* anc* —2 , A*
Q u a n t i t a t i o n  of. E s s e n t i a l  Residues
In  o rd e r  to  q u a n t i t a t e  the  h i s t i d i n e  r e s id u e s  invo lved  in  the  i r o n
r e l e a s e  r e a c t io n  f o r  the  in d iv id u a l  s i t e s ,  th e  Tsou Chen-Lu s t a t i s t i c a l
method (21,26,39) was used to  ana lyze  the  r a t e  d a ta  f o r  i r o n
t r a n s f e r r i n  m od if ied  to  d i f f e r e n t  e x te n ts .  In  the  p re s e n t  s tudy  the
a c t i v i t y ,  a, o f  a m e ta l  b in d in g  s i t e  was d e f in e d  in  te rm s o f  i t s
m acroscopic  k i n e t i c  c o n s ta n t s ,  i . e .  a = (k_ -  k _ ) / k .  where km, k,,»— — —p —zd —u —m
and kp a re  the  a p p a re n t  f i r s t - o r d e r  r a t e  c o n s ta n ts  f o r  i r o n  removal 
from the  f u l l y  m od if ied ,  unm odified , and p a r t i a l l y  m od if ied  p ro te in ,  
r e s p e c t iv e ly .  The v a lu e s  o f  }c f o r  the two s i t e s  were de te rm in ed  by 
d e c o n v o lu tio n  o f  the  s p e c t ro p h o to m e t r ic  k i n e t i c  curves  f o r  the  i ro n
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rem oval r e a c t i o n  (eq u a t io n  1.3). The s t a t i s t i c a l  r e l a t i o n s h i p  betw een 
JL and X  the  mole f r a c t i o n  o f  unm odified  r e s id u e s  w i th in  a pool o f  
e q u a l ly  r e a c t i v e  h i s t i d i n e s  c o n ta in in g  one o r  more e s s e n t i a l  r e s id u e s ,  
i s  g iven  by a V *  = X  A l i n e a r  p l o t  o f  vs. £  i s  o b ta in e d  fo r  the
proper cho ice  o f  i  (= 1, 2, e t c . ) .  the  number o f  e s s e n t i a l  r e s id u e s .
K in e t i c s  o f  I ro n  R elease  a s  a F un c tio n  o f  p H 
Unmodified and m od if ied  (12.3 H is /p r o te in )  15 -  20 uM d i f e r r i c  
t r a n s f e r r i n  s o lu t i o n s  i n  50 mM Hepes*Na/50 mM Mes*Na were a d ju s te d  to  
pH v a lu e s  i n  th e  range 5 - 7  w ith  1 N NaOH. The p r o t e i n  s o l u t i o n  was 
p laced  in  a dual beam re c o rd in g  Cary 219 s p e c tro p h o to m e te r  w ith  the  
sample com partment th e rm o s ta t t e d  a t  3 7 °C and a f t e r  e q u i l i b r a t i o n  was 
made 5 mM in  c i t r a t e  and 1.4 mM in  d e s f e r r io x im in e  B u s in g  s to c k  
0.1 M c i t r a t e  and 0.03 M d e s f e r r io x im in e  B in  the above b u f fe r .  The 
i r o n  rem oval r e a c t i o n  was fo l lo w ed  a t  295 nm w ith  a s o l u t i o n  o f  
a p o t r a n s f e r r i n  and th e  o th e r  r e a g e n ts  s e rv in g  as a blank. The r a t e  
c o n s ta n t  ^  W3S d e te rm in ed  from th e  l i n e a r  p o r t i o n  o f  th e  slow  phase o f  
the  b ip h a s ic  s e m i lo g a r i th m ic  p lo t .
£PR SPSStrQgcppy
The X-band EPR s p e c t r a  were measured on f ro z e n  s o l u t i o n s  a t  108°K 
as p re v io u s ly  d e s c r ib e d  (37). S p e c t ra  were double  i n t e g r a t e d  o v er  th e  
scan  range  500 -  2500 G.
RESULTS
H is t id in e  m o d i f i c a t io n  o f  d i f e r r i c  t r a n s f e r r i n  g r e a t l y  reduces  th e  
r a t e  o f  i r o n  rem oval from bo th  b in d in g  s i t e s  by the  m e d ia t in g  c h e l a to r  
pyrophosphate when d e s f e r r io x im in e  B i s  employed as th e  t e rm in a l  i r o n  
a c c e p to r  (v id e  i n f r a ) .  To e l u c i d a t e  t h i s  e f f e c t  i n  d e ta i l»  ex p e r im e n ts  
were c a r r i e d  ou t  to  d e te rm in e  th e  number and r e l a t i v e  r e a c t i v i t y  o f  
d i f f e r e n t  h i s t i d i n e  p o o ls  on the  p r o t e i n  tow ard  e th o x y fo rm y la t io n .
These d a ta  were th en  used in  c o n ju n c t io n  w ith  an a n a l y s i s  o f  th e  
k i n e t i c s  o f  the  i r o n  rem oval r e a c t i o n  o f  v a r io u s  m od if ied  t r a n s f e r r i n s .  
From the  a n a l y s i s ,  th e  poo l c o n ta in in g  the  key h i s t i d i n e s  was 
i d e n t i f i e d .  The number o f  such h i s t i d i n e s  i n  each m e ta l b in d in g  domain 
was then  i n f e r r e d  from Tsou Chen-Lu p l o t s .
E th o x y fo rm y la t io n  o f  D i f e r r i c  T r a n s f e r r in  
D i f e r r i c  t r a n s f e r r i n  s o l u t i o n s  (4.2 uM) can be p a r t i a l l y  m odif ied  
(2.4 r e s id u e s )  o r  c o m p le te ly  m od if ied  (14.8 r e s id u e s )  by v a ry in g  the  
EFA c o n c e n t r a t io n  from 0.22 mM to  1.36 mM, r e s p e c t iv e l y .  In  t h i s  
c o n te x t  com plete  m o d i f i c a t io n  r e f e r s  to  a l l  th o se  h i s t i d i n e s  which a re  
thought no t to  be l i g a n d s  to  th e  m e ta l .  According to  the  amino a c id  
sequence th e r e  a r e  a t o t a l  o f  18  h i s t i d i n e  r e s id u e s  in  human serum 
t r a n s f e r r i n  (14). Four o f  th e se  a re  u n r e a c t iv e  tow ard  EFA in  th e  
presence  o f  i r o n  and p resum ably  a r e  c o o rd in a te d  to  the  m eta l (10). Our 
v a lu e  o f  14.8 r e a c t i v e  h i s t i d i n e s  on d i f e r r i c  t r a n s f e r r i n  compares w ith  
the  p r e v io u s ly  r e p o r te d  v a lu e  o f  15.6 (10). These s l i g h t l y  h igh  v a lu e s  
probably  r e f l e c t  th e  a n a l y t i c a l  u n c e r t a in t y  i n  th e  s p e c t ro p h o to m e te r ic  
method due to  double e th o x y fo rm y la t io n  o f  some r e s id u e s  a t  h igh  d eg rees
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of p r o te i n  m o d i f ic a t io n  (40). No s i g n i f i c a n t  change in  absorbance  a t  
295 nm and 465 nm was observed upon m o d i f ic a t io n ,  i n d i c a t i n g  t h a t  
ty r o s in e  m o d i f ic a t io n  and i r o n  rem oval upon m o d i f ic a t io n  were m inim al. 
F u rtherm ore , the  c h a r a c t e r i s t i c  g ’ = 4.3 EPR s ig n a l  o f  th e  d i f e r r i c  
p r o te i n  was r e l a t i v e l y  unchanged upon p r o t e i n  m o d i f ic a t io n ,  su g g e s t in g  
t h a t  the  m e ta l  c o o rd in a t io n  was u n a l t e r e d  (Fig. 1.1).
The tim e course  o f  the  m o d i f ic a t io n  r e a c t io n ,  a long  w i th  the  
co rresp o n d in g  s e m i lo g a r i th m ic  p lo t ,  a r e  shown in  F ig u re  1.2. In  
accord  w ith  o th e r  s tu d i e s  ( 1 1 ), the  r e a c t i o n  i s  d i s t i n c t l y  b ip h a s ic ,  
i n d i c a t i n g  the  p resence  o f  two p o o ls  o f  h i s t i d i n e s  w ith  s i g n i f i c a n t l y  
d i f f e r e n t  r e a c t i v i t i e s  tow ard EFA. The r e s u l t s  o f  curve f i t t i n g  
acc o rd in g  to  e q u a t io n  1.2 ( M a te r i a l s  and Methods) i n d i c a t e  t h a t  th e re  
a r e  9 h i s t i d i n e s  i n  a f a s t  r e a c t i n g  p o o l  A (Aa = .61 , kA = 1.23 m in"^ )  
and 5.8 i n  a s l o w l y  r e a c t i n g  p o o l  B (JCA = .39 k.A = 0.28 m in " ^ ) .  The 
numbers o f  h i s t i d i n e s  m od if ied  in  each poo l, Na and Nb as a  f u n c t io n  o f  
the  t o t a l  number o f  r e s id u e s  m od if ied  (Na + Nb) were c a l c u la te d  from 
the  r e l a t i o n s h i p  1n[(9 -  Na ) /9 ] /1 n [5 .8  -  Nb)/5 .8 ]  = ka/ k b- The r e s u l t s  
a re  p re se n te d  g r a p h ic a l l y  in  F ig u re  1.3. I t  i s  e v id e n t  from the  cu rves  
t h a t  a s i g n i f i c a n t  number o f  the  h i s t i d i n e s  i n  pool B. a re  m o d if ied  only  
a f t e r  e th o x y fo rm y la t io n  o f  pool A h i s t i d i n e s  i s  n e a r ly  com plete .
When the  p r o te in  c o n c e n t r a t io n  i s  in c re a s e d  to  6 .6  uM, only  11 
h i s t i d i n e s  a re  m od if ied  per  mole o f  p r o t e i n  a t  an EFA c o n c e n t r a t io n  o f  
1 mM. In c r e a s in g  the  EFA c o n c e n t r a t io n  to  5 mM causes  no f u r t h e r  
m o d i f ic a t io n .  K in e t ic  a n a ly se s  (Fig. 1.4) i n d i c a t e  th a t  pools  A and 
£., r e s p e c t iv e l y ,  c o n ta in  9 h i s t i d i n e s  (J^  = 2.22 min- 1 ) and 2 
h i s t i d i n e s  (k^ = 0.39 min- 1 ) under th e se  c o n d i t io n s .  Using the  






F ig .  1.1 g '  = 4.3 EPR s i g n a l s  o f  d i f e r r i c  t r a n s f e r r i n ,  0.10 M Hepes*Na
b u f f e r ,  0.01 M NaHC0 3 * pH 7.4. A. unm odified , 0.22 mM
in  p r o te in ;  B. e x t e n s iv e ly  m odified  (10.6 His) w ith  10 mM
EFA, 0 .30  mM i n  p r o te in .
In s t ru m e n t  p a ram e te rs :  scan  range = 2000 G; f i e l d  s e t  =
1500G; t im e  c o n s ta n t  = 0.3 sec; scan  tim e  = 8  min; r e c e iv e r  
g a i n  = 1.25 X 102 ( a ) ,  1.6 X 1 0 2  ( B); t e m p e r a t u r e  = -165°C ; 
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F ig .  1 .2  S e m ilo g a r i th m ic  p lo t  o f  th e  f r a c t i o n  o f  h i s t i d i n e s  unm odified  
(F) vs. t im e  f o r  th e  e th o x y fo rm y la t io n  r e a c t io n  o f  d i f e r r i c  
t r a n s f e r r i n .  I n s e t :  absorbance a t  242 nm vs. tim e.
F = (A co -  AtT/A®* C o n d i t i o n s :  1.36 mM EFA, 4 .2 uM
t r a n s f e r r i n ,  0.1 M HEPES/Na, 0 .02  M NaHC0 3 , pH 7 .3 ,  25°C. 
S t r a i g h t  l i n e s  were c a l c u la te d  u s in g  p a ram e te rs  o b ta in ed  by 
curve f i t t i n g  th e  d a ta  o f  th e  i n s e t  to  e q u a t io n  1 .2 , i . e .
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F ig .  1 .3  Number o f  h i s t i d i n e s  i n  p o o ls  A and B a s  a f u n c t i o n  o f  th e  
t o t a l  number o f  h i s t i d i n e s  m o d if ie d  i n  d i f e r r i c  t r a n s f e r r i n ,  
based  on k i n e t i c  p a r a m e te r s  from r e a c t i o n  shown i n  F ig u re  
1.2. See M a t e r i a l s  and Methods and R e s u l t s  s e c t i o n s  f o r  











F ig .  1 .4  S e m i l o g a r i t h m i c  p l o t  o f  the  f r a c t i o n  o f  h i s t i d i n e s  u n m o d i f i e d  
f o r  the  e t h o x y f o r m y l a t i o n  r e a c t i o n  o f  d i f e r r i c  t r a n s f e r r i n  
a s  i n  F i g u r e  1.2. C o n d i t i o n s :  1.0 rnII EFA, 6.6 ut!
t r a n s f e r r i n ,  0.1 M HEPES*fJa, 0.01 M HaHCOo, pH 7 .4 ,  2 5 °C. 
S t r a i g h t  l i n e s  were c a l c u l a t e d  u s i n g  p a r a m e t e r s  o b t a i n e d  by 
cu rve  f i t t i n g  t h e  d a t a  of  t h e  i n s e t  to  e q u a t i o n  1.2, i .e.
I A = 0 .8 2 ,  k a = 2.22  r a i n - 1 ,  y B _ o .1 9 ,  a nd  k b = 0 .39  m i n - 1 .
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f u n c t io n  o f  t o t a l  r e s id u e s  m odified  a re  shown in  F ig u re  1.5. Thus, 
the  r e d u c t io n  i n  the  t o t a l  number o f  h i s t i d i n e s  e th o x y fo rm y la ted  i s  
th e  r e s u l t  o f  m o d i f ic a t io n  o f  few er r e s id u e s  i n  the  s lo w ly  r e a c t in g  
pool B. P ro te in  sam ples  m od if ied  a t  both p r o te i n  c o n c e n t r a t io n s  
were used in  s tu d i e s  o f  the  k i n e t i c s  o f  i r o n  removal from the  
p r o te i n .
The I ro n  R elease  R eac tion
The k i n e t i c  curve f o r  the  removal o f  i r o n  from unm odified  71? i r o n  
s a tu r a t e d  t r a n s f e r r i n  a t  pH 6.9 and 37°C i s  shown in  F ig u re  1.6. The 
e x p e r im e n ta l  abso rbance  vs. t im e  curve was deconvolu ted  i n t o  two 
components u s in g  e q u a t io n  1.3 (M a te r ia ls  and Methods) to  o b ta in  
the  m acroscop ic  f i r s t - o r d e r  r a t e  c o n s ta n ts  k^ = 0.19 min“  ^ and 
0.032 min” 1 (Fig. 1.3). These two r a t e s  co rrespond  to  i r o n  removal 
from th e  N- and C - te rm in a l  b ind ing  s i t e s ,  r e s p e c t i v e l y  (see  below). 
Under the  c o n d i t io n s  o f  the  exp erim en t ,  the  N - te rm in a l  s i t e  i s  the  most 
l a b i l e  (25).
The fo u r  m ic ro sco p ic  k i n e t i c  c o n s ta n ts  f o r  the  r e a c t io n  m ix tu re  
s tu d ie d  s p e c t r o p h o to m e t r i c a l ly  i n  F igu re  1.6 were o b ta in e d  u s in g  
urea-PAGE o f  r e a c t io n  quenched sam ples (M a te r i a l s  and Methods). F igu re  
1.7 shows the  v a r i a t i o n  i n  the  mole p e rc e n ts  o f  the  fo u r  s p e c ie s  o f  
t r a n s f e r r i n  as a f u n c t io n  o f  t im e  f o r  i n i t i a l l y  71? i r o n  s a tu r a t e d  
p ro te in .  The s o l i d  cu rves  were c a l c u la te d  from e q u a t io n s  1.8 through 
1 . 1 1  u s i n g  th e  k i n e t i c  c o n s t a n t s  k 1 >N = 0 .18 , k ^ Q  = 0 . 0 8 2 , i«2 ,N =
0.27, and k2  c = 0.028 min - 1  which were d e r iv e d  from a n o n - l i n e a r  
r e g r e s s io n  f i t  o f  the  d a ta .
The s e m i lo g a r i th m ic  p lo t  o f  the  p e rc e n t  i r o n  s a t u r a t i o n  o f  the  
















F ig .  1.5 Number o f  h i s t i d i n e s  i n  poo ls  A and B as  a f u n c t io n  o f  th e  
t o t a l  number o f  h i s t i d i n e s  m odified  i n  d i f e r r i c  t r a n s f e r r i n ,  
based on k i n e t i c  p a ra m e te rs  from r e a c t i o n  shown in  F ig u re  
1.4. See M a te r i a ls  and Methods and R e s u l t s  s e c t io n s  f o r  
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F ig .  1.6 S e m ilo g a r i th m ic  p l o t  o f  th e  f r a c t i o n  o f  i r o n  bound (Xpe ) vs.
t im e  f o r  th e  i r o n  removal r e a c t i o n  o f  d i f e r r i c  t r a n s f e r r i n .  
I n s e t :  Absorbance vs. t im e. C o n d it io n s :  22.9 uM d i f e r r i c
t r a n s f e r r i n  (71* i r o n  s a t u r a t i o n ) ,  3 mM pyrophosphate , 0.9 mM 
d e s fe r r io x im in e  B, 0.1 M HEPES, 0.02 M NaHCOg, pH 6.9* 37°C. 
The s t r a i g h t  l i n e s  were c a l c u la te d  from p a ra m e te rs  o b ta in e d  
by curve  f i t t i n g  the  d a ta  i n  th e  i n s e t  to  e q u a t io n  1.3, i .e .  
l i  = . 5 7 , k 1 = 0.19 m in " 1 , X.2  = 0 .4 3 ,  and k2  = 0.032 m in"^?  
The two r a t e s ,  1 and 2, correspond  to  l o s s  o f  i r o n  from th e  
N- and C - te rm in a l  b in d in g  s i t e s ,  r e s p e c t iv e l y .  £ |  and Xg a re  
c a l c u l a t e d ,  u s i n g  v a l u e s  ,XN = 0.6 and Xq = 0 .4 ,  and th e  
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F ig .  1.7 V a r ia t io n  in  th e  mole p e rc e n t  of th e  fo u r  s p e c ie s  of
t r a n s f e r r i n  as  a fu n c t io n  of t im e determ ined  by urea-PAGE. 
C ond it ions  same as in  F ig u re  1 .3 .  S o lid  cu rves  were 
d e r iv e d  from curve f i t t i n g  th e  d a ta  to  e q u a t io n s  1 . 8  th rough 
1 . 1 1  g iv in g  k i n e t i c  c o n s ta n ts  k i N = 0 .1 8 ,  k j c = 0*082,
&2 N = 0 .2 7 ,  and k2 C = 0.028 m in ~ l . A = a p o t r a n s f e r r i n ,
N = N - te rm in a l  m o n o fe r r ic ,  C = C - te rm in a l  m o nofe rr ic  and 
D = d i f e r r i c  t r a n s f e r r i n .
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1.8. Although fo u r  m ic ro sco p ic  k i n e t i c  c o n s ta n ts  d e s c r ib e  the  
r e a c t io n ,  the  curve i s  b ip h a s ic  to  a good approx im ation . The observed  
b ip h a s ic  behav io r  i s  due to  the  i n s e n s i t i v i t y  o f  the s e m i lo g a r i th m ic  
p l o t  to  r e l a t i v e l y  s m a l l  d i f f e r e n c e s  between the  m ic ro sco p ic  c o n s ta n ts
f o r  each s i t e  v s .  kg,N anc* —1,C v s * —2 ,C ’ see  a ^ove *^
In  F ig u re  1.8 s e m i lo g a r i th m ic  p l o t s  f o r  the  p e rc e n t  s a t u r a t i o n  o f  
the  in d iv id u a l  i ro n  b in d in g  s i t e s  c a l c u la te d  from the  g e l  d a ta  a re  
shown. From the  s lo p e s ,  ap p a re n t  r a t e  c o n s ta n ts  o f  lc^  = 0.18 and kg = 
0.034 min”  ^ f o r  the  two s i t e s ,  r e s p e c t iv e l y ,  a re  o b ta in ed .  These 
v a lu es  a re  i n  e x c e l l e n t  agreem ent w ith  the  m acroscopic c o n s ta n ts  k.-| = 
0 .19 and kg = 0.032 min - 1  d e r iv e d  from the  s p e c tro p h o to m e t r ic  d a ta  
(Fig. 1.6), g iv in g  us con fidence  in  the  k i n e t i c  d a ta  and method o f  
a n a l y s i s .
K in e t ic s  o f  I ro n  Removal from Modified T r a n s f e r r in s  
Because q u a n t i t a t i o n  o f  the  e f f e c t  o f  h i s t i d i n e  m o d i f ic a t io n  on 
th e  r a t e  o f  i r o n  removal r e q u i r e s  measurement of a c c u ra te  r a t e  
c o n s ta n t s ,  k i n e t i c  s tu d i e s  on a s e r i e s  o f  m od if ied  p r o te in s  were 
g e n e r a l ly  c a r r i e d  out u s in g  a s in g le  p r e p a ra t io n  o f  d i f e r r i c  
t r a n s f e r r i n  which was s to r e d  ly o p h i ly z e d  o r  i n  f ro zen  s o l u t i o n  a t  -13°C 
u n t i l  needed f o r  m o d i f ic a t io n .  The v a lu e s  o f  k^ and k s  f o r  a t o t a l  o f  
16  sam ples ,  e i t h e r  unm odified , p a r t i a l l y  m od if ied ,  or f u l l y  m od if ied ,  
were o b ta in e d  from d eco n v o lu tio n  of th e  r a t e  curves measured 
s p e c t ro p h o to m e t r ic a l ly .  Measurements were a l s o  made on m o d if ied  and 
unm odified  C - te rm in a l  m o nofe rr ic  t r a n s f e r r i n s  to  ensu re  t h a t  the  
s m a l l e r  r a t e  c o n s ta n t  kg o f  the  m od if ied  d i f e r r i c  p r o te i n  rem ained  t h a t  













F ig .  1 .8  S e m i lo g a r i th m ic  p l o t s  o f  th e  f r a c t i o n  i r o n  s a t u r a t i o n  o f  th e  
p r o te i n  as  a fu n c t io n  o f  t im e  (upper curve) and f r a c t i o n  
s a t u r a t i o n  o f  th e  N- and C - te rm in a l  b in d in g  s i t e s  as  a 
fu n c t io n  o f  t im e  ( lo w er  cu rves)  as  c a l c u la te d  from urea-PAGE 
d a ta  i n  F ig u re  1.7. I n s e t :  p e rc e n t  s a t u r a t i o n  o f  sample as
a fu n c t io n  o f  t im e  c a l c u la te d  from th e  PAGE. The b ip h a s ic  
p l o t  i n  (A) compares fa v o ra b ly  w i th  t h a t  in  F ig u re  1.6 f o r  
th e  s p e c t ro p h o to m e t r ic  d a ta .  V alues o f  = 0.18 and kg = 
0.034 min“  ^ o b ta in e d  from th e  s lo p e s  o f  l i n e a r  r e g r e s s io n  
f i t s  o f  th e  d a t a  i n  (B) a r e  i n  good agreem ent w i th  th e  v a lu e s  
from F ig u re  1.6.
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The dependence o f  and }<2 on h i s t i d i n e  m o d i f ic a t io n  f o r  sam ples 
e th o x y fo rm y la ted  a t  a p r o te i n  c o n c e n t r a t io n  o f  4.2 uM i s  shown in  
F ig u re  1.9. A l i n e a r  d ec re a se  i s  observed  f o r  both r a t e  c o n s ta n ts ,  
l e v e l in g  o f f  a t  about 12 h i s t i d i n e s  per mole o f  p ro te in .  Unmodified 
and p a r t i a l l y  m o d if ied  (7 His) C - te rm in a l  m o n o fe rr ic  sam ples  showed 
r a t e  c o n s ta n ts  f o r  i r o n  r e l e a s e  o f  0.069 and 0.031 min"^> r e s p e c t iv e ly .  
S im i la r  l i n e a r  p l o t s  (Fig. 1.10) a re  o b ta in e d  f o r  d i f e r r i c  sam ples 
m od if ied  a t  p r o te i n  c o n c e n t r a t io n s  ran g in g  from 6.0 to  10.0 uM. A 
com parison o f  th e  cu rves  in  F igu res  1.3 and 1.9 shows t h a t  the  
r e d u c t io n s  i n  k.i and k ^  c o r r e l a t e  w ith  chem ica l m o d i f ic a t io n  o f  the
f a s t  r e a c t i n g  pool A h i s t i d i n e s .  M o d if ic a t io n  o f  pool £. h i s t i d i n e s  has
no ap p a re n t  e f f e c t  on the  r a t e  c o n s ta n ts .
The d a ta  f o r  the  N - te rm in a l  s i t e  (from Fig. 1.9) on d i f f e r e n t  
m od if ied  t r a n s f e r r i n s  i s  summarized in  F ig u re  1.11 in  th e  form o f  a 
Tsou Chen-Lu p l o t  ( M a te r i a l s  and Methods). Here A i s  th e  mole f r a c t i o n  
o f  pool A h i s t i d i n e s  unm odified . The d a ta  in  the  form o f  th e  a c t i v i t y  
p a ram e te r ,  f o r  both  the  N- and C - te rm in a l  b ind ing  s i t e s  vary
l i n e a r l y  w ith  A when A i s  chosen to  be 1. The d a ta  p lo t t e d  f o r  i  = 2
i s  d ec id ed ly  curved. H igher v a lu es  o f  i  in c r e a s e  the  c u rv a tu re
f u r th e r .  These r e s u l t s  su g g e s t  th a t  m o d i f ic a t io n  o f  a s in g l e  
h i s t i d i n e ,  presumably one i n  each i r o n  b ind ing  domain, i s  r e s p o n s ib le  
f o r  the  in c re a s e d  k i n e t i c  s t a b i l i t y  o f  the  p ro te in  tow ard r e l e a s e  o f  
i t s  i r o n .
H is t id in e  m o d i f ic a t io n  l ik e w is e  r e t a r d s  th e  r a t e  o f  i r o n  removal 
from both  s i t e s  o f  o v o t r a n s f e r r i n .  V alues o f  k.1 = 0.0086 min”  ^ and 
Ag = 0.00024 min"^ were o b ta in ed  f o r  a p a r t i a l l y  m odified  (us ing  
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F ig .  1 .9 Rate c o n s ta n t s  lei and k2  f o r  i ro n  removal as  a fu n c t io n  of
t o t a l  number o f  n i s t i d i n e s  m od if ied  on d i f e r r i c  t r a n s f e r r i n .  
A marked r e d u c t io n  i n  both  r a t e  c o n s ta n t s  i s  observed  upon 
m o d i f ic a t io n .  E th o x y fo rm y la t io n  r e a c t i o n  c a r r i e d  ou t  as  
d e sc r ib e d  i n  M a te r i a l s  and Methods and i n  F ig u re  1.2. 



















F ig .  1 .10  R ate c o n s ta n t s  k. and k2 f o r  i ro n  removal as  a f u n c t io n  of 
t o t a l  number of h i s t i d i n e  m o d i f ic a t io n  d i f e r r i c  t r a n s f e r r i n  
E thoxyfo rm y la t ion  r e a c t io n  c a r r i e d  out under c o n d i t io n s  as  
in  F ig u re  1 .4 .  I ro n  r e l e a s e  r e a c t i o n  c a r r i e d  out u s ing  
2 mM pyrophosphate  and 0.3  -  0 .4  mM d e s f e r r io x im in e  B.
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Fig. 1.11 Tsou Chen-Lu p lo t s  o f  th e  k i n e t i c  d a ta  f o r  th e  N - te rm in a l  
(upper) and C -te rm ina l  (low er) s i t e s .  (0) = d a t a  from  
F ig .  1.9 and ( a  ) = d a t a  from  F ig .  1.10. S o l i d  and open  
symbols d e s ig n a te  i  = 1 and i  = 2 p l o t s f r e s p e c t iv e l y .
See M a te r i a l s  and Methods fo r  d e f i n i t i o n  o f  a c t i v i t y  a 
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F ig . 1 .12 S e m ilo g a r i th m ic  p lo t  o f  th e  f r a c t i o n  o f  i r o n  bound (XFe) f o r  
th e  i r o n  rem oval r e a c t i o n  o f  17 mM d i f e r r i c  o v o t r a n s f e r r in .  
C o n d it io n s  same as i n  F ig u re  1.6.
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min-  ^ and k.2 = 0.005 m in"^ f o r  th e  n a t i v e  p r o t e i n  (F ig .  1 .12). 
O v o t r a n s f e r r in  i s  known to  r e a c t  l e s s  e x t e n s iv e ly  w ith  EFA than  human 
serum t r a n s f e r r i n  (10,11). A s i m i l a r  s tudy  w ith  m od if ied  (7 His), 
u s in g  3 mM EFA, and n a t iv e  l a c t o f e r r i n s  c a r r i e d  ou t a t  pH 5.35 gave 
i n i t i a l  r a t e s  o f  i r o n  r e l e a s e  o f  0.0016 and 0.0012 min“ »^ r e s p e c t iv e l y .  
Thus, m o d i f ic a t io n  o f  l a c t o f e r r i n  has a c t u a l l y  a c c e le r a te d  on the  
k i n e t i c s  o f  i r o n  rem oval by a s m a l l  amount.
Dependence o f  th e  Rate o f  I ro n  Removal on pH 
The r a t e  o f  i r o n  rem oval from t r a n s f e r r i n  by c h e l a t o r s  i s  known to  
be g r e a t l y  a c c e l e r a t e d  when th e  pH i s  reduced below 7.0 (41). The pH 
dependence o f  f o r  unm odified  and e x t e n s iv e ly  (12.3 His) p r o t e i n  
sam ples u s in g  c i t r a t e  as a m e d ia t in g  c h e l a t i n g  agen t i s  shown i n  F igure  
1.13. I t  i s  e v id e n t  from th e  two cu rv es  t h a t  m o d i f ic a t io n  g r e a t l y  
in c r e a s e s  the  k i n e t i c  s t a b i l i t y  o f  t r a n s f e r r i n  i r o n  below pH 5.5. The 
r a t e  o f  i r o n  rem oval a t  pH 5 has a l s o  been s tu d ie d  u s in g  the m e d ia tin g  
c h e l a to r s  pyrophosphate ,  o r th o p h o sp h a te ,  DPG, ATP, and GTP (47). In
a l l  c a se s  m o d i f ic a t io n  r e n d e r s  the  t r a n s f e r r i n  i r o n  complex more
k i n e t i c a l l y  s t a b l e .
A p l o t  o f  log(Jk2 ) vs . pH (F ig .  1.13 i n s e t )  f o r  t h e  u n m o d i f i e d  
p r o t e i n  i s  l i n e a r  w i th  a s lo p e  o f  -0 .94 , a r e s u l t  c o n s i s t e n t  w ith  the 
f in d in g s  o f  o th e r s  (41). The f a c t  t h a t  th e  H+ dependence i s  l a r g e l y
quenched in  the  m o d if ied  p r o te i n  s u g g e s ts  t h a t  an im id a z o le  group o f
h i s t i d i n e  may be the  p ro to n  a c c e p to r  in  t h i s  r e a c t io n .
E le c t ro n  Param agnetic  Resonance Spectrum 
The in f lu e n c e  o f  s a l t s  on th e  EPR spectrum  o f  the  m o d if ied  p r o t e i n  








F ig .  1 .13 pH dependence o f  k2  f o r  n a t iv e  ( • )  and m od if ied  (° )  d i f e r r i c  
t r a n s f e r r i n s .  I n s e t :  Logko vs. pH fo r  th e  n a t iv e  p r o te in .
A s lo p e  o f  -0 .94 i s  o b ta in ed .  C ond it ions : 15 -  20 uM
p r o te in ,  5 mM sodium c i t r a t e ,  1.4 mM d e s f e r r io x im in e  B,
50 mM HEPES'Na, 50 mM MES'Na, pH a d ju s te d  between 5 and 7, 
37°C. R ates were g e n e r a l ly  measured a t  37°C; however, 
th e  pH 5 d a ta  p o in t  f o r  th e  n a t iv e  p r o te in  was measured a t  
2 5 °C ( to  slow  r a t e  f o r  conven ien t  m o n i to r in g  o f  th e  k in e t i c s )  
and su b se q u e n tly  c o r r e c te d  f o r  the  te m p e ra tu re  dependence 
i n  t h e  r a t e .
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(0.5 M) to  s o lu t i o n s  o f  n a t iv e  d i f e r r i c  t r a n s f e r r i n  p roduces  a s h o u ld e r  
on t h e  low  f i e l d  s i d e  o f  t h e  g ' = 4.3 d o u b l e t  (3 2 ) .  A d d i t i o n  o f  
p e r c h lo r a te  a t  th e  same c o n c e n t r a t io n  cau ses  p a r t i a l  l o s s  o f  r e s o l u t i o n  
i n  the  d o u b le t  (30,32a). These e f f e c t s  have been a t t r i b u t e d  to  an ion  
b in d in g  to  the  p r o te i n  (32). Although we observed  l i t t l e  change in  the 
EPR spectrum  upon h i s t i d i n e  m o d i f ic a t io n  (Fig. 1.1), th e  e f f e c t  o f  
c h lo r id e  on the EPR s ig n a l  was no lo n g e r  p r e s e n t  i n  the  m od if ied  
p r o t e i n .  F i g u r e  1.14 show s t h e  g* = 4.3 EPR s p e c t r a  o f  (A) n a t i v e  and
(B) e th o x y fo rm y la ted  (10.6 H is /m ole)  d i f e r r i c  t r a n s f e r r i n  in  the 
p resen ce  o f  0.5 M NaCl. However, the  p e r c h l o r a t e  e f f e c t  was s t i l l  






F ig .  1.1 i* g '  = 4.3 EPR s ig n a l s  o f  d i f e r r i c  t r a n s f e r r i n ,  0.5 M NaCl, 
0.1 M HEPES'Na, 0.01 M NaHCOo, pH 7 .4 . (A) RG 160
unm odified , (B) RG 160 e x t e n s iv e ly  m o d i f ie d  (10.6  H is ) .  
A ll  o th e r  c o n d i t io n s  and in s t r u m e n ta l  p a ra m e te rs  same as 






F ig .  1.15 g ’ = 4.3 EPR s ig n a l s  o f  d i f e r r i c  t r a n s f e r r i n .  0.5 M NaClOty* 
0.1 M HEPES'Na. 0.01 M NaHC03 , pH 7 .4 . (A) RG 160
unm odified . (B) RG 160 e x t e n s iv e ly  m odified . A ll o th e r  
c o n d i t io n s  and in s t r u m e n ta l  p a ra m e te rs  same as i n  F ig u re  
1 . 1 .
DISCUSSION
The f i r s t - o r d e r  dependence o f  th e  r a t e  o f  i r o n  r e l e a s e  from 
t r a n s f e r r i n  on p ro to n  c o n c e n t r a t i o n  s u g g e s ts  t h a t  p ro to n  t r a n s f e r  
occu rs  p r i o r  to  o r  d u r in g  th e  r a t e  l i m i t i n g  s te p  f o r  the  r e a c t io n .
This o b s e rv a t io n  and i n t e r p r e t a t i o n  have been p re v io u s ly  p u b lish e d  (41). 
F u r th e r  ev idence  f o r  th e  invo lvem ent o f  the  p ro to n a t io n  s te p  i n  
t r a n s f e r r i n - i r o n  rem oval comes from i n  v ivo s tu d ie s .  In  th e  im m ature 
e r y th r o id  ce l l*  th e r e  i s  s t ro n g  ev idence  th a t  t r a n s f e r r i n  i s  
i n t e r n a l i z e d  in t o  a low pH (about 5) vacuole* where the  i r o n  i s  
r e l e a s e d  to  an a c c e p to r  (42,43)* p o s s ib ly  c i t r a t e  o r  adenosine  
t r ip h o s p h a te .
The s p e c i f i c  r o l e  o f  th e  hydrogen io n  in  th e  l a b i l i z a t i o n  o f  
t r a n s f e r r i n  i r o n  i s  u n c le a r ;  however, s e v e r a l  p o s s i b i l i t i e s  p re s e n t
th e m se lv es :  (1) p r o to n a t io n  o f  a p r o te i n  l ig a n d ,  ca rb o n a te ,  o r
hydroxide on the  m e ta l ,  (2) a l o c a l  co n fo rm a tio n a l  change induced by 
p r o to n a t io n  o f  one o r  more amino a c id s  su r ro u n d in g  the  m e ta l ,  but no t 
c o o rd in a te d  to  i t ,  and (3) d i r e c t  b in d in g  o f  the  m e d ia tin g  c h e l a t i n g  
agen t a t  a p o s i t i v e l y  charged  a n io n -b in d in g  s i t e ,  produced by 
p ro to n a t io n  o f  an amino a c id  f u n c t io n a l  group n ea r  to  the  m eta l.  I t  i s
l i k e l y  t h a t  more than  one o f  th e se  mechanisms a re  o p e ra t in g  over the
wide pH range employed here .  Of th e se  th r e e  p o s s i b i l i t i e s ,  (1) would 
not be a f f e c t e d  by e th o x y fo rm y la t io n .  C le a r ly ,  the  i r o n  l ig a n d s  a re  
p ro te c te d  from EFA by th e  i n t a c t  m e ta l  (10). P o s s i b i l i t i e s  (2) and (3) 
l i k e l y  e x p la in  th e  r e t a r d e d  r a t e s  o f  i r o n  r e l e a s e  i n  the  m odified
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t r a n s f e r r i n s .  However, n e i t h e r  o f  th e se  p o s s i b i l i t i e s  can be ru le d  
o u t .
The a c id  s t a b i l i t y  to  i r o n  r e l e a s e  observed in  th e  f u l l y  m od if ied  
t r a n s f e r r i n  i s  ev id en ce  t h a t  a p ro to n a te d  h i s t i d i n e  i s  invo lved  i n  the  
c i t r a t e  m ed ia ted  r e a c t io n .  Over a w ide, p h y s io lo g ic a l  pH range, 
t r a n s f e r r i n - i r o n  i s  s t a b i l i z e d  by m o d i f ic a t io n .  The s t a b i l i t y  i s  
g r e a t e s t  below pH 6.0, where h i s t i d i n e  i s  no rm ally  t i t r a t e d  in  
p r o te in s ,  i . e .  pKa -6.9 (44). This o b s e rv a t io n  i s  o f  r e le v a n c e  to  the  
i n  v ivo  s tu d ie s  a l r e a d y  d is c u s s e d .  L ikew ise , a t  pH 7 the  m o d i f ic a t io n  
o f f e r s  l e s s  k i n e t i c  s t a b i l i z a t i o n .
The pH p r o f i l e  o f  th e  r a t e  c o n s ta n t  f o r  the  m od if ied  p r o t e i n  has a
t i t r a t i o n - l i k e  appearance w ith  an a p p a re n t  pKa -5.7. P o ss ib ly  t h i s  
t re n d  i s  a r e f l e c t i o n  o f  the  m e d ia t in g  an ion, c i t r a t e ,  which has a 
second a c id  d i s s o c i a t i o n  o f  (45). This  p o s s i b i l i t y  i s  no t
e a s i l y  proven, but s u g g e s ts  t h a t  th e  m onoanionic form o f  c i t r i c  a c id  i s
an i n e f f e c t i v e  m e d ia to r  but t h a t  the  d i -  and t r i - a n i o n i c  s p e c ie s  a re
both e f f e c t i v e .  This t r e n d  i s  no t observed  in  unm odified  t r a n s f e r r i n  
and su g g e s ts  t h a t  th e  i r o n  r e l e a s e  r e a c t i o n  pathway i s  s i g n i f i c a n t l y  
a l t e r e d  due to  the  chem ica l  m o d i f ic a t io n  o f  h i s t i d i n e .
The observed  d e c l in e  in  the  r a t e  o f  i r o n  r e l e a s e  upon e thoxy­
f o rm y la t io n  may be due to  s e v e r a l  r e a so n s :  (1) th e  i n t r o d u c t i o n  o f  an
e thoxyfo rm yl group cou ld  o b s t r u c t  e n t ry  o f  the  m e d ia tin g  an ion  to  the  
m e ta l  s i t e  o r  s t e r i c a l l y  h in d e r  p r o t e i n  u n fo ld in g  t h a t  occu rs  as  
t r a n s f e r r i n  g iv e s  up i t s  i r o n ;  (2) th e  e thoxyfo rm yl group may be 
e f f e c t i v e l y  n e u t r a l i z i n g  a p o s i t i v e  charge  on the  p r o t e i n  t h a t  
f a c i l i t a t e s  i r o n  r e l e a s e  e i t h e r  by in f lu e n c in g  the  n a t iv e  co n fo rm a tion  
o f  t r a n s f e r r i n  o r  p ro v id in g  a b in d in g  s i t e  f o r  th e  m e d ia to r  an ion. The
40
f a c t  t h a t  h i s t i d i n e  m o d i f ic a t io n  removes the  e f f e c t  o f  Cl" a rgues  f o r  a 
r o l e  o f  h i s t i d i n e  i n  an ion  b ind ing  an d /o r  co n fo rm a tio n a l  s t a b i l i t y  o f  
th e  p ro te in .  We favo r  the  second p o s s i b i l i t y ,  in  l i g h t  o f  the  pH 
s tu d i e s  which su g g es t  t h a t  charge , no t s te re o c h e m ic a l  c o n s id e r a t io n s  
a re  p robab ly  the govern ing  in f lu e n c e  in  the  l a b i l i z a t i o n  o f  t r a n s f e r r i n  
i r o n .
The d a ta  su g g es t  t h a t  one n on -l iganded  h i s t i d i n e  pe r  domain i s  
in v o lv ed  i n  th e  i r o n  r e l e a s e  r e a c t io n .  A s t r i n g  model o f  the  proposed 
m e ta l  and an ion  b in d in g  lo c u s  o f  human serum t r a n s f e r r i n  and 
o v o t r a n s f e r r i n  show th e  p resen ce  o f  th r e e  conserved h i s t i d i n e s  per 
domain (His*119, His'207, and H is‘249 i n  th e  N-domain). Two o f  th e se  
r e s id u e s  p robab ly  c o o rd in a te  d i r e c t l y  to  the m e ta l  (10,33). The 
rem a in in g  h i s t i d i n e  may w e l l  be th e  r e s id u e  t a r g e te d  in  t h i s  s tudy . 
His*207 i s  no t  conserved  i n  l a c t o f e r r i n  (46), a t r a n s f e r r i n  w ith  
unusual a c id  s t a b i l i t y  (41) and which e x h i b i t s  an enhanced r a t e  o f  i r o n  
rem oval by h i s t i d i n e  m o d i f ic a t io n  (see  R e su l t s ) .  I n t e r e s t i n g l y ,  the  
207 p o s i t i o n  o f  l a c t o f e r r i n  i s  occupied  by a n e g a t iv e ly  charged, 
g lu ta m ic  ac id  re s id u e .  A s in g le ,  t i t r a t a b l e  h i s t i d i n e ,  p rox im al to  the  
m e ta l ,  may p ro v id e  the  key to  u n d e rs tan d in g  the  unusual k i n e t i c  and 
thermodynamic p r o p e r t i e s  o f  human serum t r a n s f e r r i n  i ro n .  An amino 
a c id  w i th  such an im p o r ta n t  p h y s io lo g ic a l  r o l e  might w e l l  be conserved  
th roughou t e v o l u t io n .
The r e s u l t s  o f  t h i s  s tudy  a re  by no means c o n c lu s iv e .  However, 
our r e s u l t s  a re  i n  agreem ent w ith  o th e r  r e p o r t s  t h a t  the  hydrogen io n  
i s  i n t i m a t e l y  a s s o c ia t e d  w ith  t r a n s f e r r i n  i r o n  up take  and r e le a s e .  Our 
s tu d i e s  f u r t h e r  i n d i c a t e  t h a t  the  p r o te i n  backbone, in c lu d in g  one non- 
l ig a n d e d  h i s t i d i n e  p a r t i c i p a t e s  i n  th e  i r o n  removal r e a c t io n ,  the
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e f f e c t  be ing  most pronounced a t  pH v a lu e s  where h i s t i d i n e s  a re  ex pec ted  
to  be p ro to n a ted .  F u r th e r  work i s  needed to  i d e n t i f y  th e  h i s t i d in e #  
c h a r a c t e r i z e  i t s  env ironm ent,  and d e te rm in e  i t s  d i s t a n c e  from the  
m e ta l .  X-ray s t r u c t u r a l  a n a l y s i s  w i l l  u l t i m a t e l y  r e s o lv e  th e se  i s s u e s  
and shed new l i g h t  on the  iro n -ex ch an g e  p ro c e s s e s  o f  t r a n s f e r r i n .
CHAPTER I I
KINETIC AND SPECTRAL STUDY OF LYSINE-MODIFIED HUMAN SERUM TRANSFERRIN
INTRODUCTION
S t r in g  models o f  v a r io u s  t r a n s f e r r i n s  show t h a t  th e r e  a re  s e v e ra l  
c a t i o n i c  amino groups i n  the  r e g io n s  o f  the proposed m eta l b ind ing  
s i t e s  (33). Groups conserved  between th e  two domains o f  human serum 
t r a n s f e r r i n  in c lu d e  Lys 115. Lys 116, Lys 206, Lys 217, Lys 233, Arg 
124, Arg 232, and Arg 254 ( in  th e  N-domain). The e f f e c t s  o f  s im p le  
s a l t s  such as  sodium c h lo r id e  and sodium p e r c h lo r a te  on the  EPR 
s p e c t r a  o f  the  i r o n  c e n t e r s  (26,30,32) and on the  k i n e t i c s  o f  i r o n  
removal (24,27,28) may be p a r t i a l l y  due to  the  p ro x im ity  o f  th e se  
p o t e n t i a l  an ion  b in d in g  s i t e s  to  the  m e ta l .  I t  i s  no tew orthy  t h a t  
s e v e r a l  non-conserved  ly s in e s  a re  a l s o  p r e s e n t ,  i .e .  Lys 144, Lys 193, 
Lys 196, and Lys 239 i n  th e  N-domain w ith  C-domain c o u n te r p a r t s  Phe 
476, Arg 522, and Ala 574, and in  the  C-domain Lys 470, Lys 498, Lys 
490, Lys 511, Lys 527, Lys 557, and Lys 590 w ith  N-domain c o u n te r p a r t s  
Asp 138, Thr 165, Asp 166, Ala 199, Gin 122. and S e r  255. These 
non-conserved  r e s id u e s  l i k e l y  p lay  a r o l e  i n  th e  d i f f e r e n t i a l  response  
to  s a l t s  between the  two domains, observed  both  k i n e t i c a l l y  and 
s p e c t r o s c o p ic a l l y .
The o ld e s t  method f o r  ch e m ic a l ly  m odify ing  ly s in e  r e s id u e s  i n  
p r o te in s  i s  the  a c e t y l a t i o n  r e a c t io n  w ith  a c e t i c  a c id  anhydride . The 
p roduct o f  the  r e a c t i o n  o f  the  amino group and a c e t i c  a c id  anhydrides  
i s  the  co rrespond ing  amide, which i s  unp ro tona ted  a t  n e u t r a l  pH (48). 
M o d if ic a t io n  o f  a rg in in e  groups i s  accom plished  w ith  pheny lg lyoxa l 
(12,48), a l s o  y ie ld in g  a n e u t r a l  p ro d u c t.
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In  the  p r e s e n t  study» th e  s p e c t r a l  and k i n e t i c  " s a l t "  e f f e c t s  a re  
s tu d ie d  u s in g  ch em ica l m o d i f ic a t io n .  Our d a ta  s u g g e s t  t h a t  ly s in e  and 
p o s s ib ly  a r g in in e  r e s id u e s  make up o r  a re  lo c a te d  n ea r  the  p e r c h lo r a te  
b in d in g  s i t e s  o f  human serum t r a n s f e r r i n .
MATERIALS AND METHODS
I ro n  f r e e  human serum t r a n s f e r r i n  o f  98% s t a t e d  p u r i t y  was 
purchased  from Calbiochem Co. To e n su re  t h a t  the  com m erieal 
p r e p a r a t io n  was f r e e  o f  a n io n ic  co n tam in a n ts ,  the p r o te i n  was d is s o lv e d  
i n  a p re v io u s ly  che lexed  s o l u t i o n  o f  0.5 M NaClO^ and 0.02 M NaHCOg, pH
8.7 and then  d ia ly z e d  a g a in s t  0.02 M NaHC03 « pH 9.0. The p r o te i n  was 
assayed  and made d i f e r r i c  as d e s c r ib e d  e a r l i e r  in  C hapter I .
C - te rm in a l  m o n o fe r r ic  t r a n s f e r r i n  was p repared  u s in g  Fe(NTA)2 * as 
o u t l i n e d  p r e v io u s ly  in  Chapter 1. N - te rm in a l  m o n o fe r r ic  t r a n s f e r r i n  
was p repared  as d e s c r ib e d  e a r l i e r  (50). w ith  minor changes. A 0.1 mM 
d i f e r r i c  t r a n s f e r r i n  s o l u t i o n  (93* i r o n  s a tu r a t e d )  i n  0.1 M HEPES'Na, 
0 .02 M NaHC03 , and 0.5 M i n  NaClOjj. a t  pH 7.8 was made 1 mM i n  p y ro ­
phosphate  (Sigma) and d e s f e r r io x im in e  B (Ciba). The s o l u t i o n  was 
a l lo w ed  to  s tan d  a t  room te m p e ra tu re  f o r  a p p ro x im a te ly  fo u r  hours. 
Excess r e a g e n ts  and low m o lecu la r  w eigh t r e a c t i o n  p ro d u c ts  were 
s e p a ra te d  from the  p r o t e i n  s o l u t i o n  by u l t r a f i l t r a t i o n  w ith  a Model 10 
Amicon c e l l  f i t t e d  w ith  a PM 10 membrane (m o lecu la r  w eigh t e x c lu s io n  
l i m i t  nom ina lly  10,000) u s in g  s e v e r a l  changes o f  f r e s h  i r o n  f r e e  
b ic a rb o n a te  b u f fe r .  The N - te rm in a l  m o n o fe rr ic  p r e p a r a t io n  was assayed  
u s in g  urea-PAGE and s to r e d  fro zen  in  s o l u t i o n  a t  -13°C. The e l e c t r o ­
p h o r e s i s  g e l s  showed a p p ro x im a te ly  equa l amounts o f  apo and N - te rm in a l  
s p e c ie s .  No C -te rra in a l  or d i f e r r i c  p r o te i n  was d e te c te d  v i s u a l ly .
M o d if ic a t io n  o f  ly s in e  r e s id u e s  was ach ieved  by th e  method o f  
C onrat and F raen k e l ,  w i th  minor v a r i a t i o n s  (53). To a r a p id l y  
s t i r r i n g  s o lu t i o n  o f  2 ml 0.1 -  0.2 mM p ro te in /0 .1  M NaHCOg (chelexed)
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s o lu t i o n ,  pH 9.0 was added 2 - 2 0  m i c r o l i t e r  q u a n t i t i e s  o f  re a g e n t  
g rade a c e t i c  a c id  anhydride  (Baker Analyzed) i n  s e v e r a l  a d d i t io n s .
A f te r  each a d d i t io n ,  1 M NaOH (Baker) was added to  m a in ta in  c o n s ta n t  
pH. M odified  sam ples were u l t r a f i l t e r e d  a g a in s t  3 volume changes (90% 
volume r e d u c t io n  per change) o f  f r e s h  i r o n  f r e e  0.1 M HEPES b u f fe r ,  
pH 7 to  remove low m o le c u la r  w eigh t r e a c t i o n  p roduc ts .  E x ten t of 
m o d i f ic a t io n  was assayed  by means o f  the  t r i n i t r o b e n z e n e  s u l f o n ic  ac id
method o f  Habeeb (49) u s in g  an unm odified  p r o t e i n  sample as a c o n t ro l .
The a r g in in e  m o d i f ic a t io n  r e a c t i o n  was c a r r i e d  ou t by in c u b a t in g  
40 uM d i f e r r i c  t r a n s f e r r i n  w ith  20 mM pheny lg lyoxa l i n  0.1 M NaHCOg, pH
8.7 f o r  6 h r. Reagents were removed by u l t r a f i l t r a t i o n .  The e x t e n t  o f
m o d i f ic a t io n  was d e te rm in e d  by amino a c id  a n a ly s i s ,  perform ed by
U n iv e r s i ty  In s t ru m e n ta t io n  C en te r .
A ll EPR s p e c t r a  o f  m od if ied  and n a t iv e  p r o te i n  sam ples  were 
measured a t  X-band frequency  a t  77°K, u n le s s  o th e rw is e  no ted , in  
c a l i b r a t e d  q u a r tz  EPR tubes  ( i .d .  = 3 mm, o.d. = 4 mm), d i g i t i z e d ,  and 
s to r e d  on f lo p p y  d isk .  Double i n t e g r a t i o n s  were done over the  e n t i r e  
200 mT scan range  c e n te re d  a t  150 mT to  en su re  t h a t  a l l  o f  th e  F e ( I I I )  
was EPR.observable upon a d d i t io n  o f  s a l t 3  (32a) o r  m o d i f ic a t io n  o f  the 
p r o te in .
I ro n  r e l e a s e  s tu d i e s  were perform ed as d e sc r ib e d  in  Chapter I. 
P s e u d o - f i r s t  o rd e r  r a t e  c o n s ta n ts  were de te rm in ed  f o r  the  C - te rm in a l  
m o n o fe r r ic s  by ta k in g  th e  s lo p e  o f  th e  s e m i lo g a r i th m ic  ab so rb an ce - t im e  
d a ta .  In  the  case  o f  the  d i f e r r i c  p r o te i n ,  r a t e  c o n s ta n ts  o f  the 
in d iv id u a l  s i t e s  were e x t r a c te d  by d eco n v o lu tio n  o f  th e  s p e c tro p h o to -  
m e t r ic  d a ta  as  d e t a i l e d  i n  Chapter I .  Urea-PAGE was employed as 
d e sc r ib e d  in  d e t a i l  i n  Chapter I.
RESULTS
The e f f e c t  o f  0.5 M NaCl, 0.5 M NaClCty, and a m ix tu re  o f  the  two 
on the  EPR spectrum  o f  80% s a tu r a t e d  t r a n s f e r r i n  i s  shown in  F igu re
2.1. Three e f f e c t s  a re  e v id e n t .  F i r s t ,  the  a d d i t io n  o f  e i t h e r  s a l t  
causes  a r e d u c t io n  o f  30 -  40% i n  th e  EPR a m p litu d e  and a 15 -  20% 
re d u c t io n  in  the  double  i n t e g r a l  o f  the spectrum , e v a lu a te d  betw een the  
l i m i t s  o f  60 mT and 230 mT. Secondly, c h lo r id e  produces a s h o u ld e r  on 
th e  low f i e l d  s id e  o f  the  spectrum  d e s ig n a te d  S in  F ig u re  2.1. T h ird ly ,  
p e r c h lo r a te  causes  th e  d o u b le t  f e a t u r e  ( l a b e l l e d  D a t  the  top  o f  the  
s ig n a l )  to  p a r t i a l l y  c o a le sce  from 4.1 mT to  2.7 mT, but no p rom inen t 
s h o u ld e r  i s  produced. Baldwin e t  a l .  (24) have l i k e w is e  f a i l e d  to  
observe  a sh o u ld e r  i n  the  EPR o f  d i f e r r i c  t r a n s f e r r i n  i n  the  p resen ce  
o f  p e r c h lo r a te  and have sugges ted  t h a t  th e  sh o u ld e r  r e p o r te d  by P r ic e  
and Gibson many y e a r s  ago (30) may have been due t o  n o n - s p e c i f i c a l l y  
bound i r o n  i n  t h e i r  sam ple p re p a ra t io n s .
F i g u r e s  2.2 and 2.3 show, th e  g ' = 4.3 EPR s i g n a l s  o f  C- and N- 
t e rm in a l  m o n o fe rr ic s  and the  e f f e c t  o f  added s a l t s ,  sodium c h lo r id e ,  
and sodium p e rc h lo ra te .  The d i f f e r e n t i a l  e f f e c t  o f  s a l t s  on the  two 
s i t e s  i s  a p p a re n t ,  as  has been re p o r te d  p r e v io u s ly  (24). The s a l i e n t  
f e a t u r e s  o f  the  p e r c h lo r a te  e f f e c t  upon the  C - te rm in a l  m o n o fe rr ic  
s ig n a l  (Fig. 2.2B) a re  a 44% re d u c t io n  i n  peak to  peak a m p li tu d e ,  a  35% 
d ec re a se  in  double i n t e g r a l  and coa lescen ce  o f  the  t r a n s f e r r i n  d o u b le t  
f e a t u r e  i n t o  a  broad s i n g l e t .  Sodium c h lo r id e  produces no m ajor change 
in  s ig n a l  shape, bu t a 38% re d u c t io n  in  peak to  peak am p li tu d e  and an 
8% re d u c t io n  in  double i n t e g r a l  (Fig. 2.2C).
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A. No sa lt
B. 0 .5 M NaCI
0 .5 M NaCI 
0.5M NaCI04
110 B(mT) 210
F ig .  2.1 Frozen s o l u t i o n  EPR s p e c t r a  o f  80S i r o n  s a tu r a t e d
t r a n s f e r r i n ,  i n  0.1 M HEPES-Na b u f f e r ,  0.02 M NaHC03 , pH 
7.4, i n  p resen ce  o f  v a r io u s  s a l t s .  In s t ru m e n t  p a ram e te rs  
scan  range = 2000 G, f i e l d  s e t  = 1500 G, t im e  c o n s ta n t  = 
1.0 sec ,  s c a n  t im e  = 16 min, m odu la tion  a m p litu d e  = 10 G, 
m odu la tion  frequency  = 100 kHz, r e c e iv e r  g a in  = 320, 
te m p e ra tu re  = 108°K, microwave power = 80 mW, and 







F ig .  2.2 Frozen s o l u t i o n  EPR s p e c t r a  o f  C - te rm in a l  m o n o fe r r ic
t r a n s f e r r i n  (0.21 mM i n  i r o n )  i n  0.1 M HEPES*Na, 0 .02  M 
NaHCO? b u f f e r ,  pH 7 .5 ,  i n  A. no s a l t ;  B. 0.57 M NaCI,
C. 0.5*1 M NaClOjj; D. 0 .48 M NaCI, 0 .48 M NaC104 . 
I n s t ru m e n t  p a ra m e te rs :  scan  range = 2000 G, f i e l d  s e t  =
1500 G, t im e  c o n s ta n t  = 1.0 sec ,  scan  tim e  = 8 min, 
m odu la tion  am p li tu d e  = 10 G, m odu la tion  frequency  = 1 0 0  
kHz, r e c e i v e r  g a in  = 1000, te m p e ra tu re  = 77°K, microwave 








F i g u r e  2 . 3  F rozen  s o l u t i o n  EPR s p e c t r a  o f  N - t e r m i n a l  monc 
t r a n s f e r r i n  (0 .2 4  mil i n  i r o n )  i n  0.1 M HEPESv 
NaHCO-j b u f f e r ,  pH 7 .5 ,  i n  A. no s a l t ;  D. 0 .50
0 .50  I-r'NaClOj,;  a n d  D. 0 .45 M MaCl, 0 .45  I.' NaCI 
I n s t r u m e n t  p a r a m e t e r s  same a s  i n  Fig.  2.2 exce 
g a i n  = 1250 and mic rowave  f r e q u e n c y  = 9.112 G!
:r r i c
, 0 . 0 2  I! 
NaCI; C.
r e c e i v e r
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The N - te rm in a l  s i g n a l  i s  a l s o  a f f e c t e d  by p e r c h lo r a te  t r e a tm e n t  
(Fig. 2.3C), bu t l e s s  e x te n s iv e ly .  There i s  a  s m a l l  amount o f  d oub le t 
co a le scen ce ;  bu t,  no r e d u c t io n  in  peak to  peak am p li tude  and only  
an 8.8% re d u c t io n  i n  th e  double i n t e g r a l .  Sodium c h lo r id e  (Fig. 2.3B) 
caused a sh o u ld e r  to  develop  a t  the  low f i e l d  s id e  o f  th e  N - te rm in a l  
s ig n a l  and a 19% and 22% re d u c t io n  in  a m p li tu d e  and double i n t e g r a l ,  
r e s p e c t iv e l y .  Also, a sm a l l  do u b le t  co a lescen ce  s i m i l a r  to  t h a t  caused 
by p e r c h lo r a te  a d d i t io n  was observed. The s p e c t r a l  " s a l t  e f f e c t s " ,
i .e .  d o u b le t  co a le scen ce ,  the  appearance o f  a sh o u ld e r ,  and the 
re d u c t io n  i n  a m p li tu d e ,  c h a r a c t e r i s t i c  o f  the  d i f e r r i c  p r o te in  
(26,30,32), can be i n d i v id u a l ly  and q u a n t i t a t i v e l y  accounted f o r  as the 
sum o f  the  i n d i v id u a l  m o nofe rr ic  s i g n a l s  as shown in  F igu re  2.4. These 
e x p e r im en ts  a l s o  confirm  th a t  the  NaCI and NaClO^ induced s p e c t r a l  
changes observed  in  d i f e r r i c  t r a n s f e r r i n  e s s e n t i a l l y  a r i s e  from 
s e p a r a t e  domains o f  th e  p ro te in .
The in f lu e n c e s  o f  c h lo r id e  and p e r c h lo r a te  in d i v id u a l ly  on th e  EPR
spectrum  were s tu d ie d  as  a f u n c t io n  o f  pH. The s p e c t r a l  changes shown
i n  F igu re  2.1 f o r  pH 7.4 were a l s o  l a r g e l y  p re s e n t  a t  pH 11.2, 
s u g g e s t in g  th a t  c a t i o n i c  groups w ith  h igh  pKa v a lu es  a r e  invo lved  in  
the  b ind ing  o f  th e se  an ions .  The r e d u c t io n  i n  th e  d o u b le t  s p l i t t i n g  
due to  p e r c h lo r a te  as a fu n c t io n  o f  pH i s  g iven  in  Table 1.
The EPR spectrum  o f  the  ly s in e  m od if ied  p r o t e i n  i s  rem arkab ly
s i m i l a r  to  t h a t  o f  th e  n a t iv e  p ro te in  in  the  p resence  o f  p e r c h lo r a te  
( c . f . F ig .  2.1C and F ig .  2.5 Lys). The s p e c t r u m  o f  t h e  a r g i n i n e  
m od if ied  p r o te in  i s  l e s s  so , but the  p r o te i n  i s  only  50% m odified .
These d a ta  sugges t t h a t  the  co a lescen ce  o f  th e  d o u b le t  f e a t u r e  may 






F ig .  2 .4  C o m p u te r -a s s is te d  a d d it io n  o f  EPR s i g n a l s :  
and C m o n o fe r r ic s  w ith  0 .5  M NaCI (com pare
2.1 B); B. sum o f  N and C m o n o fe r r ic s  w ith  
(com pare w ith  F ig .  2 . 1 C ) .
A. sum o f  N 
w ith  F ig .
0 .5  M NaClOjj
TABLE 1
EPR DOUBLET SPLITTINGS3
T r a n s f e r r in
Sample
S p l i t t i n g ,  mT 
w ith o u t  NaClOjj
S p l i t t i n g ,  mT 
0 .5  m NaClOij
R eduction , mT
N ative  (pH 7 .4 ) 4.1 2 .7 1.4
N ative  (pH 8 .5 ) 4 .0 3 .0 1.0
N ative  (pH 11.2) 3 .8 2 .9 0 .9
Lys m odified  (pH 7 .4 ) 3 .2
Arg m odified  (pH 7 .4 ) 3.1
a
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F ig .  2.5 EPR s p e c t r a  o f  l y s in e  (83%) and a r g in in e  (49.3%) m o d if ied  
t r a n s f e r r i n s .  See M a te r i a l s  and Methods f o r  d e t a i l s .  
C ond it ions :  0.3 mM Fe2Tf in  0.2 M HEPES-Na, 0.015 M
NaHCOg, pH 7 .4 . EPR p a r a m e t e r s  sam e a s  i n  F ig .  2 .1 . 
S p e c t ra  s c a le d  to  same peak to  peak am p li tude .
I
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e-amino groups o f  ly s in e  and p robab ly  guanid in ium  groups o f  a r g in in e ,  
w he ther  i t  be from C10jj“ b in d in g  or chem ica l m o d i f ic a t io n .  Such groups 
a re  presum ably, bu t no t  n e c e s s a r i ly ,  i n  the  v i c i n i t y  o f  the  m etal.
As a l re a d y  m entioned, th e re  a re  s e v e r a l  conserved ly s in e  and a r g in in e  
r e s id u e s  n ea r  the  proposed lo cu s  o f  i r o n  b in d in g  (33). The p a i r  o f  
amino a c id s  Arg-232 and Lys-233 a re  no tew orthy . F igu re  2.6 p r e s e n ts  an 
EPR s p e c t r a l  t i t r a t i o n  o f  the C - te rm in a l  m o n o fe rr ic  p r o t e i n  w ith  a c e t i c  
a c id  anhydride  a t  c o n s ta n t  pH. The c o a le scen ce  o f  the  d o u b le t  a t  150 
mT i s  o f  p a r t i c u l a r  i n t e r e s t .
In  F ig u re  2.6E, where th e  a c e t i c  anhydride  to  ly s in e  mole r a t i o  
e q u a ls  26.4, the  d o u b le t  f e a t u r e  has  com ple te ly  c o l la p s e d  i n t o  a broad 
s i n g l e t .  Double i n t e g r a l s  and s ig n a l  am p li tu d es  rem ain  f a i r l y  c o n s ta n t  
th roughou t the  t i t r a t i o n  (+10?) w ith  the  e x c e p t io n  o f  F ig u re  2.6E, 
where 59% re d u c t io n  in  double i n t e g r a l  and 28% re d u c t io n  in  s ig n a l  
h e ig h t  i s  observed. This  could be due to  lo s s  o f  s ig n a l  o u ts id e  o f  the  
m agnetic  f i e l d  scan  range  or more l i k e l y  to  l o s s  o f  EPR o b se rv a b le  i r o n  
from the  C - te rm in a l  s i t e .  Like p e r c h lo r a te  t r e a tm e n t ,  ly s in e  
m o d i f ic a t io n  d e s t a b i l i z e s  C - te rm in a l  t r a n s f e r r i n  i ro n .  F ree  i r o n  w i l l  
q u ic k ly  hydro lyze  and po lym erize  under th e se  c o n d i t io n s ,  re n d e r in g  the 
i r o n  s p e c ie s  EPR s i l e n t .  S o lu t io n s  o f  1 M a c e t a t e ,  .1 M NaHCOg, and 
0.1 mM F e ( I I I ) ,  pH 9 , c o n t a i n i n g  no p r o t e i n  have  no g ' = 4.3 EPR 
s i g n a l .
P e rc h lo r a te  t r e a tm e n t  has a l r e a d y  been observed to  re n d e r  the  C- 
t e rm in a l  s i t e  k i n e t i c a l l y  more l a b i l e  and the  N - te rm in a l  i r o n  more 
i n e r t  to  removal i n  pyrophosphate  m edia ted  i r o n  r e l e a s e  r e a c t i o n s  to  
the  te rm in a l  i r o n  a c c e p to r ,  d e s f e r r io x im in e  B (24,50). Lysine 









F ig . 2 .6  EPR t i t r a t i o n  o f  0.12 mM ( in  i ro n )  C - te rm in a l  m o n o fe rr ic
t r a n s f e r r i n  i n  0.1 M NaHC03 w ith  a c e t i c  anhydride ,  pH 8-9.
A. no a c e t i c  anhyd ride  (AA) added, (AA)/(LYS) = 0
B. 3 uL a c e t i c  anhydride  (AA) added, (AA)/(LYS) = 4 .4
C. 6 uL a c e t i c  anhydride  (AA)-added, (AA)/(LYS) = 8 .8
D. 12 uL a c e t i c  anhydride  (AA) added, (AA)/(LYS) = 17.9
E. 18 uL a c e t i c  anhydride  (AA) added, (AA)/(LYS) = 26.4 
EPR p a ra m e te rs :  s can  r a t e  = 8 min/2000 G, f i e l d  s e t  =
1500 G, m odu la tio n  a m p li tu d e  = 10 G, m odu la tion  frequency  = 
100 kHz, r e c e i v e r  g a in  = 1000, te m p e ra tu re  = 77°K, 
microwave f req u en cy  = 9 .14  GHz.
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2.1, s p e c t r o p h o to m e t r ic a l ly  o b ta in ed  pseudo f i r s t - o r d e r  r a t e  c o n s ta n ts  
fo r  i r o n  r e l e a s e  a re  p lo t t e d  as a f u n c t io n  o f  ly s in e  m o d i f ic a t io n .  A 
sharp  d ec re a se  i n  r a t e  c o n s ta n t  b reak ing  a t  r e l a t i v e l y  low d eg rees  o f  
a c e t y l a t i o n  (.£ 15 ly s in e s  pe r  mole o f  p ro te in )  f o r  the  N - te rm in a l  i r o n  
and a g ra d u a l ly  i n c r e a s in g  r a t e  f o r  the C - te rm in a l  i r o n  were observed. 
The co a le scen ce  o f  the  EPR s p e c t r a l  d o u b le t  as a fu n c t io n  o f  
m o d i f ic a t io n  appears  to  be g ra d u a l  and c o r r e l a t e s  w ith  the  k i n e t i c  
behav io r  o f  the  C - te rm in a l  i r o n  (Fig. 2.7). From the  m o n i to r in g  o f  
th e  k i n e t i c s  and EPR upon m o d i f ic a t io n ,  i t  appea rs  t h a t  changes i n  both  
p r o p e r t i e s  occur s im u l ta n e o u s ly  i n  th e  C - te rm in a l  domain.
K in e t ic  d a ta  f o r  the  c i t r a t e  m ediated C - te rm in a l  i r o n  r e l e a s e  
r e a c t io n  on unm odified  and p a r t i a l l y  m od ified  sam ples  i s  l i s t e d  in  
Table 2. The unm odified  sample has a r a t e  c o n s ta n t  o f  0.010 min” ^. 
A dd ition  o f  .5 M p e r c h lo r a te  speeds up the  r e a c t i o n  th r e e - f o l d ,  as i s  
observed i n  the  pyrophosphate  m ediated r e a c t io n s  (24). P a r t i a l  
m o d i f ic a t io n  o f  ly s in e s  a l s o  enhances th e  r a t e  o f  C - te rm in a l  i r o n  
r e l e a s e  (0.017 min” ^), bu t the  r e s u l t a n t  p r o t e i n  i s  k i n e t i c a l l y  
un respons ive  to  p e r c h lo r a te .  The r e s u l t s  su g g es t  t h a t  p e r c h lo r a te  
b ind ing  to  the  p r o te i n  i s  quenched upon m o d i f ic a t io n  o f  ly s in e s .
P ro te c t io n  Experiments
Due to  the  t e n t a t i v e  ass ignm ent o f  ly s in e  i n  the  p e r c h lo r a te  
b ind ing  s i t e s  o f  t r a n s f e r r i n ,  we have a t te m p te d  to  p r o t e c t  th e  p r o te in  
from m o d i f ic a t io n  by u s in g  p e r c h lo ra te .  F ig u re s  2.8 and 2.9 show the 
change i n  g' = 4.3 EPR s ig n a l s  o f  d i f e r r i c  t r a n s f e r r i n  upon a c e t y l a t i o n  
i n  the  absence (A) and the  p resence  (B) o f  1 M sodium p e rc h lo r a te .
Each sam ple was then  u l t r a f i l t e r e d  u s in g  an Amicon model 3 c e l l  f i t t e d  
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F ig .  2 .7  A. Pseudo f i r s t - o r d e r  r a t e  c o n s ta n t s  f o r  t h e  in d iv id u a l  
N- and C - te rm in a l  i ro n  s i t e s  as a fu n c t io n  of l y s in e  
m o d i f ic a t io n .  C ond it ions  f o r  k i n e t i c  measurement 2 mM 
pyrophospha te ,  0 .9  mM d e s f e r a l ,  0 .02 M NaHC0_, T = 37°C, 
0.1 M HEPES-Na, pH 6 .9 .
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F ig .  2 .7  B. g '  = 4.3 EPR s i g n a l  0 .472  mM F e2 T f ,  83* i r o n  s a t u r a t e d .
(A) 0 l y s i n e s  m o d if ied ,  (B) 25* l y s in e s  m o d if ied ,  (C) 50* 
l y s i n e s  m o d if ied ,  (D) 75* ly s in e s  m o d if ied ,  (E) 83* 
l y s i n e s  m od if ied .  EPR p a ra m e te rs :  scan  r a t e  = 8 min/2000
G, f i e l d  s e t  = 1500 G, t im e c o n s ta n t  = 0.3 sec ,  m odu la tion  
am p li tu d e  = 10 G, m odu la tion  frequency  = 100 kHz, r e c e i v e r  
g a in  r  500, t e m p e ra tu re  = 77°K. Samples a re  same as  in  
F ig .  2 .7 A.
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TABLE 2
E f f e c t  o f  A c e ty la t io n  on the  Rate o f  I ro n  Release  
From C - te rm in a l  M onoferrlc  T r a n s f e r r in
Rate C onstan t (min“ ^ )a
Sample No NaClOjj 0 .5  M NaClOn
C -te rm in a l  ( c o n t r o l ) 0.010 0.033
C -te rm in a l  (25% LYS MOD) 0.017 0.017
C - te rm in a lb (38% LYS MOD) 0.023 0.014
a I ro n  r e le a s e  r e a c t i o n  performed in  5 .0  mM sodium c i t r a t e  
and 1.4 mM d e s f e r a l .  A ll o th e r  c o n d i t io n s  as i n  
M a te r i a ls  and Methods.





F ig .  2 .8  A. g1 = 4.3 EPR s ig n a l  o f  0.10 mM d i f e r r i c  t r a n s f e r r i n ,  pH
9.1 in  0.02 M NaHCOg a t  108°K. In s t ru m e n t  s e t t i n g s :
power = 20 mW, scan  tim e = 8 min/2000 G, f i e l d  s e t  = 1500 G, 
t im e  c o n s ta n t  = 0.3 sec ,  m odu la tion  am p li tu d e  = 10 G, 
m odu la tion  f requency  = 100 kHz, r e c e iv e r  g a in  = 2000, 
microwave frequency  = 9.100 GHz.
B. g* = 4.3 EPR s ig n a l  o f  .10 mM d i f e r r i c  t r a n s f e r r i n ,  pH
9.1 i n  0.1 M NaHCOg/1 M NaCLO^. In s t ru m e n t  s e t t i n g s  same 






F ig u re  2 .9  A. g1 = 4.3 EPR s ig n a l  o f  0.10 mM d i f e r r i c  t r a n s f e r r i n ,
63% ly s in e  m od if ied ,  by adding 6 uL a c e t i c  anhydride  + 200 
uL 1 M NaOH to  2 mL o f  sample shown in  F ig u re  2.8A. A ll 
EPR p a ra m e te rs  same as  in  Fig. 2.8A.
B. g' = 4.3 EPR s ig n a l  o f  0.10 mM d i f e r r i c  t r a n s f e r r i n ,
83% ly s in e  m o d if ied ,  by adding 6 uL a c e t i c  ahyd ride  + 285 
uL 1 M NaOH to  2 mL o f  sample shown in  Fig. 2.8B. A ll 
c o n d i t io n s  and EPR p a ram e te rs  same as  i n  Fig. 2.8A.
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p e r c h lo r a te  and the EPR s p e c t r a  m onito red  a t  each s t e p  (Figs. 2.10 and 
2.11). The r e d u c t io n  i n  EPR s ig n a l ,  c h a r a c t e r i s t i c  o f  the  p e r c h lo r a te  
e f f e c t  i s  q u a n t i t a t e d  and used as a measure o f  p e r c h lo r a te  b ind ing  to  
the  p r o t e i n .
When 2 mLs o f  0.1 mM d i f e r r i c  t r a n s f e r r i n  i n  0.1 M NaHCO  ^ was 
t r e a t e d  w ith  6 uL o f  a c e t i c  ac id  anhydride , 63* o f  the ly s in e s  were 
a c e ty la t e d .  The double i n t e g r a l  o f  th e  EPR s ig n a l  was reduced by 25?, 
i n d i c a t i n g  p o s s ib le  l o s s  o f  i r o n  from the p ro te in .  The su b se q u en tly  
u l t r a f i l t e r e d  sam ple e x h i b i t s  a r e d u c t io n  in  EPR s ig n a l  a m p li tu d e  o f  
28.4$ (Fig. 2.10) upon a d d i t i o n  o f  p e r c h lo ra te .  In  the  p resen ce  o f  1 M 
sodium p e r c h lo r a te ,  o th e rw is e  i d e n t i c a l  a c e t y l a t i o n  c o n d i t io n s  e f f e c t s  
m o d i f ic a t io n  o f  83$ o f  the  ly s in e s .  The double i n t e g r a l  o f  the  EPR 
s ig n a l  was reduced  by 50$. This o b s e rv a t io n  su g g e s ts  t h a t  about h a l f  
o f  th e  i r o n  i s  be ing  l o s t  from the p ro te in .  A f te r  u l t r a f i l t r a t i o n ,  
t h i s  sam ple shows a r e d u c t io n  in  EPR am p litu d e  o f  only  9.4$ upon 
p e r c h lo r a te  a d d i t i o n  (F ig .  2 .1 1 ).
The d a ta  i n  F ig u res  2.10 and 2.11 seem to  i n d i c a t e  t h a t  the  
p resence  o f  p e r c h lo r a te  d u r in g  the  m o d i f ic a t io n  s t e p  somehow quenches 
the  s u b se q u e n tly  measured EPR " p e rc h lo ra te  e f f e c t " ,  as ev idenced  by EPR 
s ig n a l  h e ig h t  re d u c t io n s .  However, based on the  above d a ta ,  ano th e r  
i n t e r p r e t a t i o n  i s  o f f e r e d .  The com bina tion  o f  p e r c h lo r a te  and 
a c e t y l a t i o n  p robab ly  removes i r o n  from the C - te rm in a l  s i t e  o f  the 
p ro te in .  This s p e c u la t io n  i s  i n  accord  w ith  the  d a ta  in  Table 2 t h a t  
shows t h a t  both  p e r c h lo r a te  and a c e t y l a t i o n  s e p a r a t e ly  ren d e r  C- 
t e rm in a l  i r o n  l e s s  s t a b l e  tow ard  c i t r a t e  m ed ia ted  r e l e a s e  to  
d e s f e r r io x im in e  B. The rem oval o f  i r o n  from one s i t e  i s  a l so  
c o n s i s t e n t  w ith  the  observed  50$ re d u c t io n  in  double i n t e g r a l  and
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F ig u re  2 .10 A. g '  = 4.3 EPR s ig n a l  o f  m o d if ied  sample shown in  F ig .
2.9A a f t e r  u l t r a f i l t r a t i o n  3 t im e s  a g a i n s t  0.1 M NaHCOg 
(see  M a te r i a l s  and Methods). A ll  c o n d i t io n s  and EPR 
p a ram e te rs  same as  i n  Fig. 2.8A.
B. g 1 = 4.3 EPR s ig n a l  o f  m o d if ied  p r o te i n  sample shown 
i n  F ig u re  2.10A a f t e r  a d d i t io n  o f  0.2 M sodium 
p e r c h lo r a te .  A ll  o th e r  c o n d i t io n s  and EPR p a ra m e te rs  same 






F ig u re  2.11 A. g '  = 4.3 EPR s ig n a l  o f  m o d if ied  p r o te in  sam ple shown 
in  Fig. 2.9B a f t e r  u l t r a f i l t r a t i o n  (see  M a te r i a l s  and 
Methods). A ll  c o n d i t io n s  and EPR p a ra m e te rs  same as  in  
Fig. 2.8A ex cep t r e c e iv e r  g a in  i s  3200.
B. g '  = 4.3 EPR s ig n a l  o f  m o d if ied  p r o te in  sam ple shown 
in  Fig. 2.11 A a f t e r  a d d i t io n  o f  0.2 M sodium p e r c h lo r a te .  
A ll  c o n d i t io n s  and EPR p a ram e te rs  same as in  F ig .  2.11 A.
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h ig h e r  e x t e n t  o f  m o d i f ic a t io n  when p e r c h lo r a te  i s  p r e s e n t  d u r in g  
a c e ty l a t i o n .  When t r a n s f e r r i n  r e l e a s e s  i t s  i r o n ,  the  
p r o te i n  u n fo ld s ,  thus  exposing  more groups f o r  m o d i f ic a t io n .
In  l i e u  o f  th e  above argum ents , th e  p r o t e c t i o n  ex p e r im en ts  were 
deemed u n su c c e ss fu l .  F u r th e r  ex p e r im en ts  u s in g  th io c y a n a te  as a 
" p ro te c to r "  an ion  i n  p la ce  o f  p e r c h lo r a te  were a l s o  u n s u c c e s s fu l  f o r  
s i m i l a r  reaso n s .  F in a l ly ,  p r o t e c t io n  ex p e r im en ts  w ith  the  C - te rm in a l  
m o n o fe rr ic  p r o t e i n  were a t te m p te d ,  bu t i r o n  s c ra m b lin g  between th e  two 
b in d in g  s i t e s  was a problem. F u tu re  work i n  t h i s  a r e a  m ight be more 
f r u i t f u l  i f  a p r o t e c t i n g  an ion  t h a t  b inds  t i g h t l y  to  th e  p r o te in ,  y e t  
does n o t  remove i r o n ,  i s  employed. Bulky sodium dodecyl s u l f a t e  m ight 
prove u s e f u l .
DISCUSSION
The th r e e  component g* = 4.3 EPR s ig n a l  i s  c h a r a c t e r i s t i c  o f  
i r o n - t r a n s f e r r i n  complexes (51). O ther i r o n - p r o t e i n  o r  i r o n - c h e l a t e  
complexes do n o t  e x h i b i t  such a s ig n a l .  The d e t a i l e d  t h e o r e t i c a l  
o r i g i n s  o f  t h i s  s ig n a l  a r e  n o t  w e l l  unders tood . In  model i r o n  
compounds o f  pure  rhombic symmetry, the  g' = 4.3 EPR s ig n a l s  a re  
s t r u c t u r e l e s s  i n  th e o ry  and p r a c t i c e .  The s ig n a l  a r i s i n g  from 
t r a n s f e r r i n  i r o n  has never s u c c e s s f u l ly  been s im u la te d  u s in g  a s in g l e  
s p in  H am ilton ian . The d i f f i c u l t y  i s  due p r im a r i ly  to  th e  la c k  o f  e x a c t  
r e p ro d u c t io n  o f  th e  d o u b le t  f e a t u r e  and t a i l o r i n g  o f  EPR am p litu d e  in t o  
th e  wings.
The t r a n s f e r r i n  s ig n a l  may a r i s e  from th e  c o n t r i b u t i o n s  o f  two 
p r o t e i n  co n fo rm a tio n s  i n  e q u i l ib r iu m .  By assuming two i r o n  
g e o m e tr ie s ,  th e  t r a n s f e r r i n  s ig n a l ,  in c lu d in g  i t s  unique d o u b le t ,  
can be s im u la te d  (51). Guinea p ig  t r a n s f e r r i n ,  which does no t 
p o s se s s  a  d o u b le t  f e a t u r e  i n  i t s  g ' = 4.3 EPR s ig n a l ,  can be s im u la te d  
u s in g  a s i n g l e  h a m i l to n ia n  s p in  o p e ra to r ,  su g g e s t in g  one i r o n - l i g a n d  
geom etry . The C - te rm in a l  i r o n  might a l s o  be c a s t  i n t o  a s i n g l e  l ig a n d  
c o n fo rm a tion  by e i t h e r  ly s in e  m o d i f ic a t io n  o r  p e r c h lo r a te  t r e a tm e n t .  
E i th e r  method cau ses  co a le sen ce  o f  th e  g' = 4.3 s ig n a l  i n t o  a broad 
s i n g l e t .
The l o s s  i n  r e s o l u t i o n  and am p li tu d e  o f  th e  EPR s ig n a l  has been 
su g g es ted  to  occur through lo c a l  co n fo rm a tio n a l  changes e f f e c t e d  by 
p e r c h l o r a t e  (24,30-32). By q u a n t i t a t i o n  o f  th e  t r a n s f e r r i n  s p e c t r a l  
changes t h a t  develop  in  a p e r c h lo r a te  t i t r a t i o n ,  s p e c i f i c  anion b in d in g
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to  the  p r o te i n  has been d em onstra ted  (32a). Very l i t t l e  i s  known about 
the  n a tu re  o f  th e se  p e r c h l o r a te  b ind ing  s i t e s  and t h e i r  p ro x im ity  to  
th e  m eta l.  Although the  p o s s i b i l i t y  e x i s t s  t h a t  p e r c h lo r a te  b inds  a t  
s i t e s  some d i s t a n c e  from the  m e ta l ,  t h e r e  i s  ev idence t h a t  b ind ing  
occu rs  c lo se  to  the  m eta l s i t e .  Feeney and co-w orkers  have observed 
t h a t  the  t r a n s f e r r i n  p h e n o la te  m e ta l  l ig a n d s  o f  a p o t r a n s f e r r i n  a re  
h ig h ly  r e a c t i v e  tow ard p e r io d a te  o x id a t io n  (52). They su g g es t  t h a t  the  
ty r o s in e  l ig a n d s  a re  lo c a te d  in  a r e g io n  o f  h igh  p o s i t i v e  charge on the  
p ro te in ,  thus  d i r e c t i n g  the  p e r io d a te  r e a c t io n .  P e r io d a te  and 
p e r c h lo r a te  a re  i s o s t r u c t u r a l .
The amino a c id  s t r i n g  model o f  th e  proposed t r a n s f e r r i n  m e ta l 
b in d in g  s i t e  shows the  p resen ce  o f  s e v e r a l  ly s in e s  and a r g in in e s  i n  
th e  v i c i n i t y  o f  th e  p ro b ab le  m e ta l  l ig a n d s  (33). Such a model a ided  in  
th e  i d e n t i f i c a t i o n  o f  a s i n g l e  h i s t i d i n e  r e s id u e ,  a s s o c ia te d  w ith  the 
i n  v i t r o  mechanism o f  t r a n s f e r r i n  i r o n  removal (Chapter 1). The 
k i n e t i c  d a ta  (Fig. 2.7) i n d i c a t e s  t h a t  the  m o d i f ic a t io n  o f  a sm a l l  
number (< 15) o f  f a i r l y  r e a c t i v e  ly s in e  r e s id u e s  i n  the  N -te rm in a l  
domain c o r r e l a t e s  w ith  th e  observed  r e t a r d a t i o n  o f  i r o n  rem oval. 
S im i la r l y ,  the  m o d i f ic a t io n  o f  a s m a l l  number o f  ly s in e s  may be 
r e s p o n s ib le  f o r  the  observed  lo s s  o f  EPR s p e c t r a l  r e s o l u t i o n  (Fig. 2.6) 
and i r o n  l a b i l i t y  (F ig .  2 .7 )  i n  the  C-domain.
Evidence i s  grow ing t h a t  the  chem ica l p r o p e r t i e s  o f  t r a n s f e r r i n  
i r o n  a re  s t r o n g ly  in f lu e n c e d  by lo c a l  p r o te i n  con fo rm a tions .  Sequence 
a n a ly s i s  (14) shows t h a t  s e v e ra l  ca rboxy l groups a re  lo c a te d  in  the  
v i c i n i t y  o f  th e  p robab le  m e ta l  b in d in g  s i t e s  and e s p e c i a l l y  i n  th e  N- 
te rm in a l  domain. Baldwin and co -w orkers  have shown th a t  l i t h iu m  s a l t s  
a l s o  in f lu e n c e  th e  k i n e t i c s  o f  t r a n s f e r r i n  i r o n  (24). Bezkorovainy
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and co -w orkers  found t h a t  the  i r o n  b in d in g  a c t i v i t y  o f  one s i t e  in  
a p o t r a n s f e r r i n  i s  l o s t  upon e x te n s iv e  ca rboxy l group m o d i f ic a t io n  (54).
In  the  p r e s e n t  s tu d y ,  ev idence  i s  p rov ided  t h a t  i s  c o n s i s t e n t  
w ith  the  h y p o th e s is  t h a t  p e r c h lo r a te  b inds  to  a r i c h l y  c a t i o n i c  re g io n  
o f  the  p r o te in ,  p o s s ib ly  n e a r  to  the  m etal.  An ensu ing  co n fo rm a tio n a l  
change occu rs  which a l t e r s  th e  k i n e t i c  and s p e c t r a l  p r o p e r t i e s  o f  the  
t r a n s f e r r i n  i ro n .  F u r th e r  work must be done to  u nders tand  the  
observed  d i f f e r e n t i a l  k i n e t i c  e f f e c t  o f  l y s in e  and a rg in in e  
m o d i f ic a t io n  and p e r c h l o r a t e  a d d i t io n  a t  th e  two s i t e s  and to  b e t t e r  
c h a r a c te r i z e  th e se  im p o r ta n t  an ion  b in d in g  s i t e s .
CHAPTER I I I  
STUDY OF IRON-ATP INTERACTIONS
INTRODUCTION
The q u e s t io n  o f  w hether  ATP and lron-ATP complexes p lay  an 
Im p o r ta n t  b io l o g ic a l  r o l e  i n  i r o n  m etabolism  i s  an im p o r ta n t  one.
Such complexes a re  o f  p a r t i c u l a r  i n t e r e s t  s in c e  they  could e a s i l y  form 
i n  v ivo  and may p a r t i c i p a t e  in  i n t r a c e l l u l a r  i r o n  t r a n s p o r t  and 
d e p o s i t io n  in  f e r r i t i n .  In  a 1981 r e p o r t ,  C rich ton  fo llow ed  the  i n  
v i t r o  t r a n s f e r  o f  i r o n  (as ^ F e )  f r 0 m t r a n s f e r r i n  to  f e r r i t i n ,  in  the  
p resen ce  o f  ATP. He found t h a t  ATP can m ed ia te  r e l e a s e  o f  i ro n  from 
t r a n s f e r r i n  to  form a s t a b l e  Fe(III)-ATP complex a t  pH 7.4, which 
s u b se q u en tly  f a c i l i t a t e s  i r o n  d e p o s i t io n  in t o  f e r r i t i n  (2 1 ).
In  1964, Goucher and Taylor f i r s t  i n v e s t ig a t e d  the  e x i s t e n c e  and 
com posi t ion  o f  some f e r r i c  n u c le o t id e  phosphates  (58). The apparen t  
fo rm a t io n  c o n s ta n ts  o f  1 : 1  complexes o f  i r o n  and s e v e r a l  n u c le o t id e s  
were re p o r te d .  S ince  then  l i t t l e  a t t e n t i o n  has been paid  to  the 
r e a c t io n s  between i r o n  and p u r in e  n u c le o t id e s .  In  1976, B a r t l e t t  (20) 
i s o l a t e d  s m a l l  and v a r i a b l e  amounts o f  fe rr ic -A T P  from the  c y to so l  o f  
red  blood c e l l s  and i d e n t i f i e d  i t  to  be the  1 : 1  complex s tu d ie d  by 
Goucher and Taylor.
In  the  p r e s e n t  s tu d y ,  a com bination  o f  chem ica l and s p e c t ro s c o p ic  
methods used to  show t h a t  both  mononuclear and p o ly n u c lea r  Fe(III)-ATP 
complexes r e a d i l y  form in  s o lu t i o n  a t  p h y s io lo g ic a l  pH, depending on 
the  Fe:ATP r a t i o .  Mononuclear F e ( I I I )  was s t a b i l i z e d  by excess  ATP 
(Fe:ATP < 1:3). P o ly n u c lea r  s p e c ie s ,  formed a t  an Fe:ATP r a t i o  o f  4:1, 
c o n s i s t i n g  o f  a c l u s t e r  o f  250 o r  more i r o n  atoms w ith  the  approx im ate  
f o r m u l a  [ F e (0 H ) |’J ] iJ*ATP.
71
MATERIALS AND METHODS
Fe(N0g)g-9H20 was o b ta in e d  from Baker Chemical Co.. Hepes b u f f e r  
from Research O rgan ics , r ib o s e  5 -phospha te  from B oehringer Mannheim. 
2 '-deoxyadenosine  t r i p h o s p h a te  from P-L B iochem ica ls ,  Inc . ,  and Pentex 
h o rse  s p le e n  f e r r i t i n  from M iles  L a b o ra to r ie s .  A ll o th e r  m a te r i a l s  
were Sigma p ro d u c ts  and used w i th o u t  f u r t h e r  p u r i f i c a t i o n .  ATP 
s o lu t i o n s  were s ta n d a rd iz e d  s p e c t r o p h o to m e t r ic a l ly ,  u s in g  e= 15.4 x 
103  M"^cm"^ a t  259 nm (65). Fe(III)-ATP complexes were formed by the  
slow a d d i t i o n  o f  a com m erical 0.179 M FeClg s tan d a rd  s o lu t i o n  in  1 M 
HC1 to  3.3 mM ATP in  0.1 M HEPES“Na b u f fe r ,  pH 7.0, w ith  s t i r r i n g  u s ing
1.00 N NaOH to  m a in ta in  the  pH. In  ex p er im en ts  to  q u a n t i t a t e  the 
number o f  p ro to n s  r e le a s e d  upon Fe(III)-ATP c l u s t e r  fo rm a t io n ,  a 
f r e s h l y  p rep a red  aqueous s o l u t i o n  o f  0.150 M FefNOg^, s ta n d a rd iz e d  by 
the  th io c y a n a te  method (59), was added to  6.2 mM ATP in  0.1 M HEPES’Na 
b u f f e r ,  pH 7 o r  9, u n t i l  an Fe:ATP r a t i o  o f  4:1 was o b ta in ed .  The 
t o t a l  amount o f  1.00 N NaOH re q u i re d  to  m a in ta in  the  pH was reco rded . 
The f r e e  a c id  i n  the  f e r r i c  n i t r a t e  s o lu t i o n  was shown to  be n e g l ig ib l e  
by a d d i t i o n  o f  an eq u im o la r  amount o f  Na2EDTA to  complex the i ro n ,  
fo l lo w ed  by p o te n t io m e t r i c  t i t r a t i o n  w ith  two e q u iv a le n t s  o f  1.00 N 
NaOH to  i t s  end p o in t .  pH was measured w ith  a Radiom eter model PHM26 
pH m eter  equipped w ith  a R adiom eter GK2321C glass/A g-A gCl com bination  
e l e c t r o d e .  U l t r a f i l t r a t i o n  or d i a l y s i s  ex p er im en ts  were c a r r i e d  out  
w ith  Amicon membranes having  m o le c u la r  w eigh t e x c lu s io n  s i z e s  o f  500 
(UM05), 10,000 (PM10), 30,000 (PM30), and 50,000 (XM50), and w ith
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S p ec tra p o r  type 6 d i a l y s i s  tu b in g  having  a m o le c u la r  w e igh t  e x c lu s io n  
s i z e  o f  2 , 0 0 0 .
E le c t ro n  pa ram agne tic  resonance  s p e c t r a  o f  sam ples i n  c a l i b r a t e d  
EPR tubes  were measured a t  77° K on a V arian  E-4 s p e c t ro m e te r  employing 
a *^102 r e c t a n g u la r  c a v i ty  and a dewar i n s e r t .  S p e c t ra  were acq u ired  
on a D ig i t a l  Equipment C o rp o ra t io n  MINC-23 l a b o r a to r y  com puter and 
double in t e g r a t e d  to  d e te rm in e  s p in  c o n c e n t r a t io n s .  FeEDTA-  (0.1 M 
EDTA, 1 mM Fe^+, pH 7.8) was used as an i n t e n s i t y  s ta n d a rd  f o r  the 
g ’ = 4.3 s i g n a l  and 0.5 mM CuSO^, 0 .2 .M HC1 i n  g l y c e r i n / H 2 0 1:3 f o r  
the  g' = 2 s ig n a l .  I n f r a r e d  s p e c t r a  o f  ly o p h i l i z e d  4:1 Fe(III)-ATP 
sam ples i n  KBr p e l l e t s  were m easured on a P e rk in  Elmer 283B in f r a r e d  
sp e c tro p h o to m e te r ,  and o p t i c a l  s p e c t r a  o f  s o l u t i o n s  measured on a Cary 
219A dua l beam r e c o rd in g  s p e c tro p h o to m e te r .  The brown ly o p h i l i z e d  
sam ples r e - d i s s o lv e d  in  w a te r  to  form th e  c h a r a c t e r i s t i c  re d d is h  brown 
s o lu t i o n  o f  th e  c l u s t e r .  ^ 1 p j$MR s p i n - l a t t i c e  r e l a x a t i o n  t im e s  were 
de te rm ined  by the  in v e r s io n  rec o v e ry  method (19) u s in g  a JE0L FX90Q 
sp e c t ro m e te r  o p e ra t in g  a t  36.2 MHz f o r  phosphorus-31.
RESULTS
F ig u r e  3.1 ( i n s e t )  show s th e  g '  = 4.3 EPR s i g n a l  o f  a s o l u t i o n  o f
0.79 mM Fe(+3) i n  3.39 mM ATP, b u f f e r e d  a t  pH 7 w i t h  0.10 M Hepes*Na. 
The s ig n a l  a r i s e s  from h igh  s p in  Fe(+3) i n  a c o o rd in a t io n  environm ent 
o f  rhombic symmetry (51). F igu re  3.1 shows an EPR s p e c t r a l  t i t r a t i o n  
o f  ATP w ith  Fe(+3)» d e l iv e r e d  as FeCl3 in  1 M HC1. The t i t r a t i o n  curve 
shows a l i n e a r  r i s e  in  s ig n a l  i n t e n s i t y ,  b reak ing  a t  an Fe:ATP mole 
r a t i o  o f  1:3. Up to  t h i s  p o in t  in  the  t i t r a t i o n ,  a l l  o f  the added i r o n  
can be accounted  fo r  by the  EPR spectrum  as de te rm ined  by a com parison 
o f  the  double i n t e g r a l s  o f  t h i s  s ig n a l  w ith  the s ig n a l s  from Fe(EDTA)-  ^
s ta n d a rd s .  T h ere fo re ,  to  the  p r e c i s i o n  (±15*) o f  th e  sp in  c o n c e n tra ­
t i o n  measurement, a l l  o f  the  i r o n  b e fo re  the 1:3 break i s  in  the  form 
o f  a m ononuclear s p e c ie s .  Beyond the  1:3 r a t i o  the  r e d u c t io n  in  EPR 
i n t e n s i t y  i s  i n d i c a t i v e  o f  the  p resence  o f  p o ly n u c lea r  i r o n  s p e c ie s .  
F u r th e r  d i s c o n t i n u i t i e s  i n  the  curve occur a t  2:1 and 4:1. At the  
l a t t e r  b reak  p o in t ,  on ly  g* = 4.3 EPR s i l e n t  s p e c ie s  e x i s t .  F igu re  3.2 
shows the  UV-Vis s p e c t r a  o f  f r e e  ATP and the  4:1 Fe:ATP c l u s t e r .
To f u r t h e r  examine th e  mononuclear Fe-ATP complexes, ^1p NMR 
sp ec tro sco p y  was undertaken . The resonances  o f  the  a ,  3 , ana Y 
phosphorus n u c le i  o f  0.1 M ATP were v i s i b l y  unchanged by the p resence  
o f  100 uM Fe(+3) a t  pH 7.0. However, the  p resence  o f  param agnetic  i r o n  
enhances the  s p i n - l a t t i c e  r e l a x a t i o n  r a t e s  (1 /T-j) o f  the  31p n u c le i ,  as 
shown in  F igu re  3.3. This i s  c o n s i s t e n t  w ith  i r o n  c o o rd in a t io n  
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F ig .  3.1 Dependence o f  th e  am p li tu d e  o f  the  g* = 4.3 EPR s ig n a l
( in s e t )  on th e  Fe(III)/A TP mole r a t i o .  S pec ies  formed a t  
Fe:ATP r a t i o s  o f  1 :3 .  2 :1 .  and 4:1 a r e  i n d i c a t e d .  
C ond it ions :  F e ( I I I )  added as  0.179 M FeClg i n  1 M HC1 to
3.39 mM ATP i n  0.1 M HEPES'Na b u f fe r ,  pH 7. m a in ta in e d  w ith  
1 M NaOH. EPR in s t ru m e n t  s e t t i n g s :  f i e l d  s e t  = 1500 G,
scan  range  = 2000 G, microwave power = 20 mW, k ly s t r o n  
frequency  = 9.145 GHZ, m odu la tion  a m p li tu d e  = 10 G, 
m odu la tion  frequency  = 1 0 0  kHZ, r e c e iv e r  g a in  = 1000, scan  
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F ig .  3 .3  Param agne tic  c o n t r i b u t i o n  (1 /T ^)p o f  s p i n - l a t t i c e  r e l a x a t i o n  
r a t e  f o r  o i , (3 , and y  phoshorus n u c l e i  of ATP as  a fu n c t io n  
o f  i r o n  c o n c e n t ra t io n .  C on d it io n s :  Fe+^ added as FeClg i n
a c i d ,  [ATP] = 0.1 M i n  0.1 M HEPES'Na, pH 7 , p r e v i o u s l y  
che lexed  and d ia ly z e d  a g a in s t  APO t r a n s f e r r i n  to  remove t r a c e  
amounts o f  i r o n  in  s o lu t io n .  See M a te r i a l s  and Methods.
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The n e t  magnitude o f  the  pa ram agne tic  enhancement (1/T^)p v a lu es  
(Fig. 3.3) i n d i c a t e  t h a t  the  p a ram agnetic  c o n t r i b u t io n  to  the 
r e l a x a t i o n  r a t e  i s  dom inated by the  v a lu e ,  th e  re s id e n c e  t im e  of 
the  ATP in  the  f i r s t  c o o rd in a t io n  sphere  o f  the F e ( I I I ) .  From the  d a ta  
i n  F ig u r e  3 .3 ,  v a l u e s  o f  th e  a ,  6 , and y ^ 1 p n u c l e i  o f  11, 5 .8 ,  and 
5.4 ms., r e s p e c t iv e l y ,  were o b ta in ed  a t  2 8 °C.
Weak 31p nmr s i g n a l s  in  the  Fe(III):ATP (4:1) complex were 
observed  and a t t r i b u t e d  to  t r a c e  amounts ( -  1?) o f  ADP and P-p The 
la c k  o f  an ATP NMR spectrum  i s  presum ably due to  param ag n e tic  
b roaden ing  o f  the  NMR l i n e s .  F e ( I I I )  does no t b ind s t r o n g ly  to  ADP, 
as r e p o r te d  p re v io u s ly  (58). S o lu t io n s  o f  th e  Fe(III):ATP (4:1) 
complex d id ,  however, e x h i b i t  a broad EPR s ig n a l  c e n te re d  a t  g ' = 2.0, 
having  a l i n e  w id th  o f  A Hpp -  1000 G. Q u a n t i t a t i v e  sp in  d e te r m in a t io n  
o f  t h i s  s ig n a l  i n d i c a t e s  t h a t  only  0 . 8 % o f  the  i r o n  p r e s e n t  c o n t r ib u te d  
to  t h i s  s ig n a l  i f  i t  a r i s e s  from an S = 5/2  sp in  s t a t e  and 9.3? i f  i t  
a r i s e s  from an S = 1/2 s p in  s t a t e .  The major p o r t io n  e x i s t s  as  an EPR 
s i l e n t  s p e c ie s ,  c o n s i s t e n t  w ith  o th e r  known p o ly n u c le a r  F e ( I I I )  
s p e c ie s .
The approx im ate  m o le c u la r  w eight o f  the  Fe(III):ATP (4:1) c l u s t e r  
was e s t im a te d  u s in g  u l t r a f i l t r a t i o n  membranes and d i a l y s i s  tu b in g  o f  
v a ry in g  m o le c u la r  w eight c u t o f f  v a lu es .  I ro n  was n e a r ly  co m p le te ly  
r e t a in e d  by u l t r a f i l t r a t i o n  membranes w ith  e x c lu s io n  l i m i t s  o f  ~ 1 0 , 0 0 0  
m o lecu la r  w eigh t. However, 18 ±  2% o f  the  i r o n  passed th rough  a 
membrane t h a t  r e t a i n s  m o lecu les  o f  ap p ro x im a te ly  50,000 MW. From th e se  
o b s e rv a t io n s  i t  was concluded t h a t  most o f  th e  i r o n ,  a l though  p o ly -  
d i s p e r s e  i n  s i z e ,  i s  in  th e  form o f  a p o ly n u c le a r  c l u s t e r  o f  g r e a t e r  
than  50,000 MW. Such a c l u s t e r  would c o n ta in  250 o r  more i r o n  atoms.
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Proton  r e l e a s e  ex p e r im en ts ,  as  F e ( I I I )  was added to  ATP a t  pH 7
and pH 9, were performed. A v a lue  of 2.5 ±  .1 H+ r e le a s e d  per  m e ta l
+ .5
was o b ta in ed ,  su g g e s t in g  an e m p i r ic a l  fo rm u la  o f  F e ( I I I ) ( 0 H)2 . 5 , in  
agreem ent w ith  the  com position  o f  o th e r  known p o ly n u c le a r  i r o n  
co m p lex es  (60).
A ttem pts were made to  i d e n t i f y  s p e c i f i c  donor groups which 
s t a b i l i z e  the 4:1 l ig an d  to  m etal c l u s t e r .  S o lu t io n s  o f  2 '-deoxyadeno- 
s in e  t r ip h o s p h a te  (2'dATP), t r ip o ly p h o s p h a te  (TP), pyrophosphate  (P P ^ ,  
o rthophosphate  (P^), adenosine  5 '-monophosphate (AMP), and r ib o s e  5 '-  
phosphate  (R 5 '-P) were i n d i v i d u a l l y  t e s t e d  a t  i r o n  to  l ig an d  r a t i o s  o f  
2:1 and 4:1. None formed s o lu b le  complexes w ith  the  e x c e p tio n  o f  
2'dATP (Fig. 3.4). The t r ip o ly p h o s p h a te  t i t r a t i o n  i s  shown in  F igure  
3.5, where a 1:2 (Fe:TP) break i s  observed. In  o rd e r  to  e s t a b l i s h  the 
n e c e s s i t y  o f  the  adenine r i n g  in  Fe:ATP (4:1) c l u s t e r  fo rm a t io n ,  s i s t e r  
experim en ts  were done u s in g  eq u im o la r  amounts o f  PPj: and AMP or R 5 '-P. 
The fo rm er s o lu t i o n  r e a d i l y  s o l u b i l i z e d  fo u r  moles o f  F e ( I I I )  to  form a 
deep brow nish red  s o lu t i o n ,  c h a r a c t e r i s t i c  o f  the  Fe(III):ATP (4:1) 
c l u s t e r .  The R 5 '-P /PP^ s o lu t i o n ,  which la c k s  only  the  aden ine  r in g ,  
s o lu b i l i z e d  fo u r  moles o f  F e ( I I I )  only  when the  i r o n  s o lu t i o n  was added 
s lo w ly  over a 48 hour per io d .  These r e s u l t s  su g g es t  a r o l e  o f  aden ine  
i n  the  f a c i l i t a t i o n  o f  iron-ATP c l u s t e r  fo rm a t io n .
I n f r a r e d  s p e c t r a  o f  the  p o ly n u c le a r  Fe(III):ATP (4:1) complex 
and ATP (67) showed t h a t  i r o n  com plexation  caused a d ec re ase d  i n t e n s i t y  
i n  the  P-0 s t r e t c h  a t  1250 cm”  ^ and a s h i f t  in  the  1700 cm"^ bending 
mode o f  the -NH2  group o f  adenine  to  1650 cm-  ^ (Fig. 3.6), su g g e s t in g  
invo lvem ent o f  both  o f  th e s e  groups in  i r o n  b ind ing . C o o rd in a tio n  
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F ig .  3 .4  Dependence o f  th e  a m p li tu d e  o f  th e  g' = 4.3 EPR s ig n a l  
( in s e t )  on th e  Fe(III)/3 'dA TP mole r a t i o .  C ond it ions :  
F e ( I I I )  added  a s  0.15 M Fe(N03 ) 3 i n  HC1 t o  3.24 mM 3'dATP. 
A ll  o th e r  c o n d i t io n s  and in s t r u m e n ta l  s e t t i n g s  same a s  in  
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Fig. 3.5 Dependence o f  th e  a m p li tu d e  o f  th e  g' = U.3 EPR s ig n a l  
( in s e t )  on t h e  F e ( I I I ) /T P  mole r a t i o  where TP = 
t r ip o ly p h o s p h a te .  C ond it ions : F e ( I I I )  added as 0.18 M
Fe(N03 ) 3  i n  HC1 t o  7.33 mM TP i n  0.1 M HEPES'Na, pH 7, 
m a in ta in ed  w i th  1 M NaOH. EPR s e t t i n g s  same as  i n  F ig . 3.1 
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Fig.  3 .6  I n f r a r e d  s p e c t r a  of  p o l y n u c l e a r  Fe ( II I) :ATP (4:1)  complex 
(A) and f r e e  ATP (D). See M a t e r i a l s  and Methods f o r  
d e t a i l s .
DISCUSSION
Complexes between aden ine  n u c le o t id e s  and F e ( I I I )  a t  p h y s io lo g ic a l  
pH have no t been s tu d ie d  much. The 1:1 complexes between F e ( I I I )  and 
ATP (58) o r  AMP (61) a re  formed by p r e c i p i t a t i o n  a t  pH 2. B a r t l e t t  
r e p o r te d  1:1 Fe:ATP complexes a t  n e u t r a l  pH. In  th e  p re s e n t  s tu d y  we 
dem onstra ted  t h a t  a t  l e a s t  th r e e  d i f f e r e n t  ty p es  o f  complexes were 
formed between F e ( I I I )  and ATP a t  n e u t r a l  pH, as ev idenced  by 
d i s c o n t i n u i t i e s  i n  the EPR t i t r a t i o n  curve (Fig. 3.1) a t  Fe:ATP r a t i o s  
o f  1:3, 2 :1 , and 4:1. Of th e se ,  only the  f i r s t  complex appeared to  be 
mononuclear and gave r i s e  to  a g '  = 4 .3  EPR s i g n a l .
I t  i s  d i f f i c u l t  to  i d e n t i f y  the  c o o rd in a t in g  phosphate  groups in  
the  1:3 (Fe:ATP) complex s in c e  the  s p i n - l a t t i c e  r e l a x a t i o n  t im e s  o f  a l l  
th r e e  phosphorus n u c le i  a r e  a f f e c t e d  by the  p resence  o f  F e ( I I I ) .  The 
s i m i l a r i t y  in  the v a lu e s  f o r  the  g and y  n u c le i  su g g e s ts  th a t  
b id e n ta te  c o o rd in a t io n  occu rs  th rough  th e se  groups. The observed 
s to ic h io m e t ry  o f  1:3 (m e ta l : l ig a n d )  i s  a l s o  c o n s i s t e n t  w ith  b id e n ta te  
c o o rd in a t io n .  The s i m i l a r i t y  between the  g' = 4.3 EPR s ig n a l  of 
F e-2 ’dATP and Fe-ATP i s  s u g g e s t iv e  o f  s i m i l a r  i r o n  env ironm ents . This 
would p rec lu d e  the  2 ' -h y d ro x y l group on th e  r ib o s e  m oiety  as a p o s s ib le  
dona t ing  group in  Fe(ATP)g s o lu t i o n s .
Although ATP i n t e r a c t i o n s  w ith  F e ( I I I )  have n o t  been s tu d ie d  much, 
th e re  a re  s e v e r a l  r e p o r t s  o f  ATP i n t e r a c t i o n s  w ith  o th e r  t r a n s i t i o n  
m e ta ls .  In  th e se  s tu d ie s  31P jjMR measurements were u s e f u l  in  
i d e n t i f y i n g  the  c o o rd in a t in g  phosphates  o f  ATP w ith  manganese (62), 
aluminum (63), and vanadyl (64). I t  i s  no tew orthy  t h a t  th e  of
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Fe(III)-ATP i s  a p p ro x im a te ly  10 t im es  s m a l l e r  than  th a t  o f  AKIID-ATP 
and 1000 t im e s  s m a l l e r  than  t h a t  o f  Mn(II)-ATP. Thus the  l ig an d  
exchange r a t e  i s  c o n s id e ra b ly  s lo w er  in  the  i r o n  complex compared to  
the  o th e r  m e ta l  io n s ,  a r e s u l t  c o n s i s t e n t  w ith  the  known l a b i l i t y  o f  
th e  in o rg a n ic  complexes o f  th e se  m etal io n s .
The Fe(III):ATP (4:1) c l u s t e r ,  having  an e m p i r ic a l  m o lecu la r  
fo rm u la  o f  [F e(0 H) 2  s^A TP and a minimum m o lecu la r  w eigh t o f  ~ 50,000 
(> 250 F e ( I I I )  atoms pe r  c l u s t e r )  appea rs  to  fo l lo w  t y p i c a l  h y d ro ly s is  
c h e m is t ry  f o r  F e ( I I I ) .  Anionic c h e l a to r s  such as c i t r a t e  or 
c a rb o x y la te  groups i n  d e x t ra n  have been shown to  p rov ide  the  n ece ssa ry  
charge  s t a b i l i z a t i o n  in  such p o ly n u c le a r  i ro n -o x y  c l u s t e r s ;  presum ably  
phosphate  p la y s  such a r o l e  i n  th e  Fe:ATP (4 :1 )  c l u s t e r .
P o ly n u c le a r  i r o n  complexes o f  hydro lyzed  F e ( I I I )  phosphate  a l s o  
occu r  i n  c e l l s  where th e  i r o n  co re  o f  f e r r i t i n  c o n ta in s  up to  4500 
F e ( I I I )  atom s (6 8 ). F e r r i t i n  and the Fe.’ATP (4:1) c l u s t e r  d e sc r ib e d  
h e re  a re  very  s i m i l a r  in  appearance, a deep brow nish red . O p tic a l  
m easurem ents a t  420 nm i n d i c a t e  a m olar a b s o r p t i v i t y  per  i r o n  o f  3 2 2  
M“ ^cm”  ^ f o r  th e  s o l u t i o n  o f  the  p o ly n u c le a r  Fe(III)-ATP (4:1) c l u s t e r  
(Fig. 3.5), which i s  c lo s e  to  the v a lue  o f  362 M” ^cm~^ f o r  a f e r r i t i n  
sam ple c o n ta in in g  an average  o f  1400 F e ( I I I )  atoms per  p r o te in  
m olecu le .
EXAFS a n a l y s i s  o f  th e  p o ly n u c le a r  Fe(III)-ATP complex, perform ed 
by Drs. T h e i l  and Sayers  o f  North C a ro l in a  S t a t e  U n iv e r s i ty  in  
c o l l a b o r a t i o n  w ith  t h i s  la b o ra to r y ,  was a b le  to  d i s t i n g u i s h  an Fe-P 
d i s t a n c e  o f  3.27 A, an Fe-0 d i s ta n c e  a t  1.95 A, and an Fe-Fe d i s ta n c e  
o f  3.36 A (63) .  The l a t t e r  tw o a r e  t h e  same a s  i n  t h e  p r o t e i n ,  
f e r r i t i n .  The Fe-P d i s t a n c e  i s  analogous to  t h a t  in  o th e r  metal-ATP
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complexes (62). The a b i l i t y  o f  EXAFS to  d i s t i n g u i s h  an Fe-P d i s t a n c e  
r e q u i r e s  a t  l e a s t  10% o f  th e  i r o n  to  be c o o rd in a te d  to  ATP. For t h i s  
r e q u ire m e n t  to  be met, the  ATP must be d i s t r i b u t e d  th roughou t the 
c l u s t e r .  This  o b s e rv a t io n  i s  unique. P re v io u s ly ,  p o ly n u c le a r  i r o n  
c l u s t e r s  have been though t to  be s t a b i l i z e d  p r im a r i ly  by s u r fa c e  
i n t e r a c t i o n s  w ith  an ions  (60,66).
In  c o n c lu s io n ,  the  e x i s t e n c e  o f  Fe(III)-ATP complexes a t  
p h y s io lo g ic a l  pH su g g e s ts  t h a t  such complexes could e x i s t  i l l  v ivo  and, 
fo l lo w in g  i r o n  d i s s o c i a t i o n  from t r a n s f e r r i n ,  may p ro v id e  a means f o r  
i n t r a c e l l u l a r  i r o n  t r a n s p o r t  and d e p o s i t io n  i n t o  f e r r i t i n .  In  
a d d i t io n ,  s t a b l e  F e ( I I I )  complexes may c o n t r i b u te  to  i r o n  t o x i c i t y  by 
a l t e r i n g  th e  s i z e  o f  the  n u c le o t id e  pool i n  s i t u a t i o n s  o f  i r o n  
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APPENDIX
ys
Proposed i r o n  and anion  b in d in g  p e p t id e  o f  the  N - te rm in a l  domain in  
human serum t r a n s f e r r i n .  (R ep rin ted  w ith  p e rm is s io n  from Chasteen* 
r e f .  3 3 . )
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